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"" Of ~ h- i Airfoil Due ko Incident  Turbulence 
Robert W. Paterson  and  Roy  K.Amiet 
SUMMARY 
A theoretical  and  experimental  investigation of the  noise  and  unsteady 
surface  pressure  CQaracteristics of an isolated  airfoil in a uniform  mean 
velocity,  homogeneous,  nearly  isotropic  turbulence  field was conducted. m e r -  
iments  were  performed  with a 23 cm  chord,  two-dimensional  NACA 0012 airfoil 
in the  United  Technologies  Research  Center  (UTRC)  Acoustic  Research  Tunnelover 
a  free  stream  Mach nmber range of 0.1 to 0.5. Far-field  noise  spectra  and 
directivity  were  measured in an anechoic  chamber  that  surrounded  the  tunnel 
open  jet  test  section.  Spanwise  and  chordwise  distributions of unsteady  air- 
foil surface  pressure  spectra  and  surface  pressure  cross-spectra  were  obtained. 
Incident  turbulence  intensities,  length  scales,  spectra  and  spanwise  cross- 
spectra  required in the  calculation of far-field  noise  and  surface  pressure 
characteristics  were  measured. 
When  applied  to  predict  far-field  noise  and  surface  pressure 
characteristics  from  measured  inflow  turbulence  properties  the  theory 
showed  good  agreement  with  measurement  over  the  dominant  frequency  range  for 
all  Mach  numbers  investigated. The theoretical  formulation  represents  a 
first-principles  solution  providing  absolute  level  prediction  without  recourse 
to  empirical or adjustable  constants. It includes  compressibility  as well 
as  source  noncompactness  effects.  Open-jet  shear  layer  sound  refraction 
effects  were  accounted  for  in  comparing  theory  and  experiment.  Comparison 
of theory  and  directivity  data  confirms  the  validity of applied  refraction 
propagation  corrections. 
Surface-to-far-field  cross-correlations  demonstrated  that  all  chordwise 
portions of the  airfoil  radiated  directly  to  the  far-field  as  opposed  to  the 
results  which  are  obtained  with  other  isolated  airfoil  noise  mechanisms  such 
as  discrete  frequency  vortex  shedding  and  stalled  airfoil  flow.  The  leading 
edge,  however,  was  found  to  be  the  dominant  noise  producing  region of the 
airfoil.  The  effect  of  angle of attack  on  far-field  noise  and  surface  pres- 
sures  was  observed  to be small but  measureable.  The  interaction of incident 
turbulence of approximately 4 percent  intensity  with an airfoil  was  found  to 
be  a  broadband  noise  source of  high  intensity  relative  to  other  noise 
sources such as  the  turbulent  boundary  layer  and  stalled  airfoil flow nves- 
tigated  previously. The study  indicated  that  absolute  level  prediction 
of incident  turbulence  noise  can be carried  out if the  inflow  turbulence 
properties  are  sufficiently  documented.  Additional  theory  development to 
account  for  finite  airfoil  thickness  and  angle of attack  effects  would  be 
required  to  obtain  a  complete  solution  to  the  isolated  airfoil  incident 
turbulence  problem. 
INTRODUCTION 
Acoustic  radiation by an airfoil  due  to  incident  turbulence  is an
important  phenomenon  since it is  both an effective  noise  generating  mechanism 
and  its  occurance  is  widespread. An indication of its  effectiveness in 
creating  sound  is  apparent  from  the  simple  experiment of placing  a  blade in 
the  potential  core of a  free  jet  and  observing  the  significant  increase 
in  noise  as  the  blade  is  moved  downstream  into  turbulent  regions of greater 
spanwise  extent.  This  mechanism  occurs  to  some  extent in all  propulsion 
devices  such  as  helicopter  rotors,  propellers  and  turbofan  engines  and  may 
also  be  important  relative  to  airframe  noise  generation. 
For turbofan  engine  strut and stator  vane  noise  as well as  airframe  noise, 
isolated  airfoil  results  are  directly  applicable  to  the  prediction of broadband 
noise  generation. In rotating  devices,  isolated  airfoil  results  can  be  applied 
in a  stripwise  manner  to  predict  broadband  noise.  While  quasi-tonal  noise 
generation  due  to  interaction of turbulence with rotating  blades is also an 
important  problem,  it  is  more  complex.  The  geometry  is  more  complicated 
and  adequate  definition of turbulence  inflow  statistics,  particularly in the 
problem of ifigestion of atmospheric  turbulence  by  a  rotor  (helicopter or fan) 
or  propeller, is difficult. 
m e  present  study was undertaken  to  treat  the  stationary,  isolated  airfoil 
problem in a rigorous  theoretical  manner  and with an experimental  configuration 
capable of direct  assessment of theory. If theory  could  be  validated  for  this 
geometry,  the  basis  would  be  established  for  extension o more  complex  cases 
such  as  rotating  blades. 
While  the  theoretical  foundation  for  studying  this  problem  extends  to  the 
early  unsteady  airfoil  theory  development of von  K&m&n  and  Sears  (reference 
1) and  the  acoustic  formulation f Curle  (reference 2 ) ,  Sharland  (reference 3) 
in 1964 was the  first  to  experimentally  assess  and  attempt o predict  incident 
turbulence  noise.  He  measured  the  noise of a  small  airfoil  placed in a turbu- 
lent  jet and with a relatively  simple  theory  estimated  the  noise  at  one  direc- 
tivity  angle  showing  reasonable  agreement with data.  Many  approximations  and 
some  empiricismwereinvolved.  Sharland's  study  as well as  that of subsequent 
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investigators  are  reviewed in detail in Appendix A. With  the  exception  of  the 
recent  study  of  Fink  (reference 4), all of these  noise  investigations  were 
subject  to  some  uncertainty  because  the  mean  velocity  and  incident  turbulence 
statistics  were  not  uniform  across  the  airfoil  span  and  the  turbulence  statis- 
tics  required  for  rigorous  prediction of oise  were  not  measured. fink's 
study  employed  sideplates  to  provide  uniform  spanwise  conditions.  Theincident 
turbulence was documented  although  spanwise  cross-spectrum,  required n a com- 
plete  theory,  was  not  obtained. 
In addition  to  these  studies  directed  toward  measurement  of  incident 
turbulence  far-field  noise  as a function of the  relevant  parameters,  Clark 
and  Ribner  (re-ference 5) and  Siddon  (reference 6) conducted  correlation  studies 
directed  toward  increased  understanding of the  fundamental  noise  generation 
process. In addition to reviewing  previous  experimental  noise  investigations, 
Appendix  A  discusses  existing  theoretical  formulations  of  the  incident  turbu- 
lence  problem. 
In the  present  experiment,  the  simplest  geometry  of an isolated  airfoil 
in a  uniform,  spanwise  homogeneous,  nearly  isotropic  turbulent  field was 
employed.  A  large  airfoil  model(23  cm  chord)  permitted  investigation  of 
the  important  regime in which  the  simplifying assumptionofacousticalcompact- 
ness  did  not  apply. Al of  the  turbulence  statistical  parameters  affecting 
radiated  noise  were  measured.  Far-field  directivity  and  spectra  as  well  as 
airfoil  unsteady  surface  pressure  spectra  and  correlations  were  obtained. 
Surface-to-far-field  correlations  were  performed  to  assist  understanding  of 
the  noise  generation  process.  Theory  was  applied  to  predict  far-field  noise 
spectra  and  directivity  as  well  as  surface  spectra  and  cross-spectra.  Pre- 
dictions of theory  were  compared  to  experimental  measurements. 
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DESCRIPTION OF THE EXPERIMENT 
Experimental Arrangement 
This study was conducted i n  t h e  UTRC Acoustic  Research  Tunnel. The 
tunnel,  sham schematically in figure 1 and descr ibed  in  de ta i l  in  re ferences  
7 and 8, i s  a controlled turbulence level, open-jet, open-circuit wind tunnel 
designed specif ical ly  for  aerodynamic noise research. Models placed within 
the test section generate noise which propagates through the open-jet velocity 
f ie ld  t o  microphones located in the quiescent region of the sealed chamber 
that surrounds the open-jet  test  section. This chamber i s  l ined with 0.3 m 
depth, two-dimensional f iber  g lass  wedges and has beendemonstzatedthrough 
acoustic calibrations to provide an anechoic test  environment f o r  broadband 
no i se  a t  sound frequencies above 200 Hz (reference 7 ) .  Since isolated air-  
foil ,  incident turbulence noise i s  broadband in  na ture ,  microphones located 
i n   t h e  geometric and acoust ic  far-f ie ld  of  the model d e t e c t . a i r f o i 1  f a r - f i e l d  
noise under reflection-free conditions above 200 Hz. Propagation of a i r f o i l  
noise through the open-jet shear layer causes refraction of sound wavefronts 
which must be accounted f o r  i n  d a t a  i n t e r p r e t a t i o n .  
In  the  absence of turbulence generators i n  t h e  t u n n e l  i n l e t ,  t h e  combined 
e f f ec t  of an i n l e t  honeycomb, f ive screens and  a 16.5 a rea  ra t io  in le t  cont rac-  
t i o n  i s  to provide a t e s t  s ec t ion  to t a l  t u rbu lence  l eve l  of approximately 
0.2 percent and a mean ve loc i ty   spa t i a l ly  uniform to   w i th in  0.5 percent 
(reference 7) .  The t e s t  s e c t i o n  flow is  co l lec ted  a t  the  d i f fuser  en t rance  by 
a j e t  co l l ec to r  l i ned  wi th  f ibe r  g l a s s  t o  reduce sound re f lec t ion .  An exten- 
sive noise muffling section located downstream of the diffuser reduces tunnel 
fan noise propagation to the test  section. Measurements indicate  that  tunnel  
background noise i s  dominated by impingement of the open-jet flow on t h e   j e t  
col lector  for  f requencies  above  which the  chamber i s  anechoic. A 1500 hp 
var iab le  speed centrifugal fan drives the tunnel.  The t e s t  s ec t ion  ve loc i ty  
i s  temporally steady thereby producing a s t a t i s t i c a l l y   s t a t i o n a r y   a i r f o i l  
noise signal.  
Figure 2 displays the anechoic chamber t e s t  s ec t ion  arrangement employed 
i n  t h i s  study. The test a i r f o i l  was  mounted horizontal ly  between two verti- 
ca l  s ideplates .  The airfoil  support  permitted angle of attack variations.  
The sideplates extended 1.23 m downstream from the  0.53 m (wide) by 0.79 m 
(high)  inlet .  The sideplates  provided  two-dimensional  flow  conditions and 
eliminated the need t o  extend the airfoil  through the open j e t  shea r  l aye r  
t h a t  would have e x i s t e d  i n  t h e i r  absence. Noise generated by impingement 
of the highly turbulent shear layer on t h e   a i r f o i l  would have produced s igni-  
f icant extraneous noise that could not have been subtracted from the  test  
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data i n  a rigorous manner. This extraneous noise has existed i n  previous 
studies such as those described in reference 9. The s ideplate  turbulent  
boundary layer i s  th in  (order  0.18 cm displacement thickness) and i s  not a 
s ignif icant  source of  noise  s ince tunnel background noise with and without 
s idepla tes  i s  approfimately the same. 
Figure 2(a) shows  a side elevation of the anechoic chamber. The leading 
edge of t h e  a i r f o i l  was located 0.24 m downstream of  the inlet .  Far-f ie ld  
microphones were located on a 2.25 m radius arc relative t o  t h e  a i r f o i l  c e n t e r -  
l i n e   i n  a ver t ica l  p lane  on the tunnel  center l ine.  A t o t a l  o f  s i x  f a r - f i e l d  
microphones were employed with angles  re la t ive to  the upstream direct ion of  
70, 90, 105, 120, 130 and 140 deg. Line-of-sight interference between the  
a i r f o i l  and f a r - f i e ld  microphones by the tunnel  inlet  occurs  a t  angles of 50 
deg and less. The forward quadrant angle o f  70 deg was considered the mini- 
mum achievable for which i n l e t   r e f l e c t i o n  and d i f f r ac t ion   e f f ec t s  would be 
expected t o  be negl igible .  To provide maximum test  sect ion length,  the j e t  
co l lec tor  was located on t h e  a f t  chamber w a l l .  This yielded a 3.3 m long tes t  
section with unobstructed sound propagation t o   t h e   a f t  quadrant microphones. 
The presence of acoustically untreated sideplates,  however, ra i ses  the  ques- 
t ion  of  da ta  va l id i ty  due t o   p o t e n t i a l   r e f l e c t i o n  and d i f f r ac t ion   e f f ec t s .  
A t  frequencies greater than about 700 Hz, such that  the sound wavelength i s  
smaller than the s ideplate  separat ion dis tance (0.53 m), ray acoust ics  argu- 
ments are applicable. Assuming specular  re f lec t ion  from the s ideplates ,  the 
r e f l ec t ion  e f f ec t  a s  viewed by the  f a r - f i e ld  microphone i s  one of an effective 
i n c r e a s e   i n   a i r f o i l  span by an amount equal  to  the  mir ror  image o f  t he  a i r fo i l  
in  the s ideplate .  Since the angle  between the reflected ray that propagates 
t o  t h e  f a r - f i e l d  microphone and the  s idepla te  i s  small ,  the  overal l  ref lect ion 
e f f e c t  would a l so  be expected t o  be small. A t  lower frequencies such argu- 
ments are not applicable and some uncertainty exis ts .  Based on the observed 
good agreement between theore t ica l  p red ic t ion  and experiment a t  low frequency 
as well as frequencies above 700 Hz, as  discussed in  the sect ion ent i t led 
"Far-Field Experimental Results", sideplate effects were not considered to be 
important.  While  the  sideplates  introduced some uncertainty,  the  advantages 
accruing from their  use i n  providing two-dimensional flow conditions and 
eliminating the need t o  ex tend  the  a i r fo i l  or supports through a turbulent 
shear  iayer ,  outweighed the potential  disadvantages.  
Figure 2(b) shows an end  view  of the  tes t  arrangement looking upstream. 
The turbulence gr id  seen in  this  view was employed t o  generate turbulence inci- 
dent on the tes t  a i r f o i l .  The gr id  was located 1.22 m upstream of the in le t  
nozzle l i p  i n  a 1.07 m dia sect ion of  the inlet  contract ion.  Between the 
gr id  and nozzle l i p   t h e   i n l e t  changed in  c ross -sec t ion  from c i r cu la r  t o  r ec -  
tangular and contracted in  area by a f ac to r  of 2.2. The gr id  design is  
la te r  d i scussed  in  the  sec t ion  "Turbulence Grid Design." 
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Airfoil Model 
The  test  airfoil s h m  in figure 2 was  a 0.23 m  chord, 0.53 m  span, 
NACA 0012 airfoil.  The  model  was  instrumented  with  an  array  of  four  fixed 
and  one  moveable 0.635' cm dia  flush-mounted  condenser  microphones on the  air- 
foil  upper  surface.  Four  fixed  microphones  were  located  at  one-third  span 
and 15, 38, 50 and 70 percent  chord,  respectively. A microphone  at 30 percent 
chord  was  housed  in  a  slider  capable  of  traverse  over  the  complete  span  of 
the  airfoil.  This  array  permitted  measurement  of  the  local  fluctuating  sur- 
face  pressure  in  both  the  span  and  chord  directions.  The  microphone  protec- 
tive  grids  were  removed  and  the  diaphragms  optically  aligned  with  the  airfoil 
surface  to  minimize  interference  with  surface  pressure  measurements  by  wakes 
from  upstream  microphones.  This  microphone  arrangement  had  been successmly 
employed  in  two  previous  investigations  of  isolated  airfoil  noise  (references 
10 and 11). 
Instrumentation 
Far-field  and  unsteady  surface  pressures  were  measured  with 0.635 cm 
dia  condenser  microphones  with  protective  grids  removed.  The  frequency 
response of these  microphones  was  flat  for  the  range  relevant  to this'study 
(200 to 5000 Hz). Since  the  correlation  lengths  associated  with  turbulence- 
induced  surface  pressure  fluctuations  were  found  to  be  large  compared  to  the 
microphone  diaphragm  diameter,  correction  of  data  for  finite  microphone  size 
effects  were  not  required.  This  differs  from  wall  measurements  of  boundary 
layer  pressure  fluctuations  where  the  ratio  of  correlation  length  to  trans- 
ducer  diameter  is  not  small  and  significant  corrections  are  required  at  high 
frequency.  Atmospheric  attenuation  of  far-field  sound  was  calculated  to  be 
negligible  for  the  low  frequencies  and  the  small  sound  propagation  distance 
of  the  experiment  and  corrections  were  not  applied. 
Spectrum  analysis  was  conducted  with  a 500 line,  narrow  bandwidth,  real- 
time  spectrum  analyzer-ensemble  averager.  By  operating  with  an  averaging 
time  of 25 sec, 512 statistical  degrees  of  freedom  were  associated  with  the 
resultant  power  spectrum  estimates.  The 80 percent  confidence  limits  cor- 
responding  to  this  value  are  approximately 2 0.3 dB  (reference 12). 
The  spectrum  analyzer  employs  quasi-peak  detection  resulting  in  a 1.1 
dB  higher  response  to  random thanpuretone inputs. A negative  amplitude 
correction  of 1.1 dB  was  therefore  applied  to  data  to  account  for  the  differ- 
ence in response  to  the  pure  tone  calibration  signal  and  the  broadband  test ' 
data.  0perating.with  an  analysis  range  of 0 to 10 KHz,  the  effective  noise 
bandwidth  of  the  analyzer  filter  was  measured  to  be 55.7 Hz. To convert  to 
1 Hz bandwidth,  the  amplitude of test  data was reduced an additional 17.5 dB. 
In this  report,  amplitudes of noise  and  surface  pressure  spectra  are  presented 
in terms of "spectrum  level"  which  is  defined  as  the  sound  pressure  level 
in decibels  referred  to 0.0002 pbar  based  on  a 1 Hz bandwidth  analysis. For 
broadband  noise  such  as  encountered in this  experiment,  spectrum  level 
obtained  as  discussed  above  is  equivalent to  power  spectral  density (ED). 
Correlations  were'performed with a 100 line,  real-time  correlation  and 
probability  analyzer.  To  obtain  cross-power  spectral  density  (cross-PSD) 
information,  input  signals  were  filtered p r i o r  to  cross-correlation  with 
bandpass  filters  tuned to the  center  frequency  for  which  cross-PSD  estimates 
were  required.  This  method for determining  cross-PSD  is  discussed  in  Appen- 
dix B. 
Turbulence  data  were  acquired with single  and  crossed-wire  hot  wire 
probes of 0.005 mm dia  operating  in  conjunction  with  a  four  channel,  linear- 
ized,  constant  temperature  anemometer  system. A sum and  difference  network 
was  employed  to  determine  axial  and  vertical  turbulence  velocity  component 
information  from  crossed-wire  probes.  The  probes  were  calibrated  in  the 
tunnel  test  section. Hot  wire measv-rements  are  discussed  in  more  detail in
Appendix C. 
Tunnel  speed  was  determined  by  measuring  the  difference  between  total 
pressure  in  the  tunnel  inlet  (downstream of the  tunnel  inlet  screens  but 
upstream of the  turbulence  generating  grid)  and  the  chamber  static  pressure. 
Since  the  grid  introduces  a  total  pressure loss between  these  two  stations, 
this loss was  determined  experimentally  and  subtracted  from  the  measured 
upstream  total  pressure.  These  pressure  data  in  conjunction  with  inlet 
total  temperature  permit  determination of test  section  velocity  without  intro- 
ducing  a  probe  into  the  test  section.  Such  a  probe  would  have  been  a  source 
of extraneous  vortex  shedding  noise. 
Turbulence  Grid  Design 
The  grid  employed in this  study was designed  based on the  data of Bines 
and  peterson  (reference 13). The  grid was bi-planar  consisting of bars with 
a  dimension of 2.54 em  transverse  to  the  stream  and 1.91 em  parallel  to  the 
stream.  The  grid  mesh was square with a mesh  size  (center-to-center  bar 
spacing) of 13.3 cm and  the  solidity was 0.35. As noted in reference 14, 
turbulence  downstream of square-mesh  grids with this  mesh-to-bar  size  ratio 
becomes  practically  isotropic in an axial distance of 10 to I5 mesh  lengths. 
In the  present  experiment  the  axial  separation of grid  and  airfoil  centerline 
was 11.7. The  grid  Reynolds  number  based on mean  velocity  (through  the  mesh) 
and  bar  size was approximately 50,000 for  the  lowest  tunnel  speed  employed in 
this  study (40 m/sec). 
Turbulence  generated  by  a  grid  has  been  found  to  be  anisotropic  with 
the  axial  component of higher  intensity  than  the  transverse  components. 
Since  stream  contraction  causes  relative  amplification of the  transverse 
components  (references 15 and 16), isotropy  can  be  improved  by  providing  a 
contraction  between  the  grid  and  test  section.  Reference 17 recommends  a  con- 
traction  with  an  area  ratio  of  about 1.3. In the  present  experiment  this 
ratio  was 2.2. As discussed  subsequently,  test  section  turbulence  at  the  air- 
foil  location  was  found  to  be  nearly  isotropic  with  an  intensity  on  the  order 
of 4 to 5 percent. 
Test  Program 
Far-field  noise  and  surface  pressure  spectra we e measured  at  tunnel 
velocities  of 40, 60,  90, 120 and 165 m/sec  for  airfoil  geometric  angles of 
attack  of  both 0 and 8 deg.  These  velocities  correspond  to  free  stream  Mach 
numbers  of  approximately 0.12, 0.18, 0.27, 0.36 and 0.50. Cross-correlations 
were  performed  between  surface  mounted  microphones  to  define  surface  pressure 
cross-PSD  and  correlation  lengths  as  a  function  of  frequency.  Cross-correla- 
tions  were  performed  between  surface  mounted  microphones  and  far-field  micro- 
phones  to  assist in  determining  the  chordwise  distribution  of  noise  sources. 
Cross-correlations  were a l s o  performed  between  hot  wire  turbulence  signals 
and  surface  and  far-field  microphones.  Spectral  and  correlation  character- 
istics of the  horizontal  and  vertical  components  of  turbulence  incident on 
the  airfoil  were  also  determined. 
Required  Measurements 
Acoustic  radiation  by an airfoil  at  an  angle  of  attack  of  zero  in  the 
presence  of  inflow  turbulence  is  associated  with  unsteady  lift  caused by the 
transverse  turbulence  component  that  is normal to  both  span  and  chord  (in 
this  experiment,  the  vertical  component).  At  angle of attack,  the  axial  com- 
ponent  also  affects  lift. For the  zero  angle of attack  case,  noise  genera- 
tion  is  dependent  upon  the  distribution  of  intensity  and  axial  length  scale 
across  the  airfoil  span  as well as  the  extent  to  which  the  vertical  velocity 
component  is  correlated in the  spanwise  direction.  Measurements  were  there- 
fore  required  to  establish  the  extent of spanwise  uniformity  (lateral.  homo- 
geniety),  spectra,  axial  length  scale  and  the  cross-PSD of  the  vertical 
velocity  component  in  the  spanwise  direction.  While  prediction  of  overall 
sound  pressure  level  would  require  only  the  overall  spanwise  cross-correla- 
tion of the  vertical  component,  prediction  of  spectra  requires  knowledge  of 
the  spanwise  cross-correlation  as  f’unction of frequency (i.e., spanwise 
cross-PSD).  Measurement of axial  component  properties  was  also  required  to 
assess  the  turbulence  model  employed  in  the  analysis  and  to  consider  angle 
of attack  effects. 
The  turbulence  measurements  discussed  below  were  obtained  with  the.  airfoil 
removed  and, for convenience,  at an axial  location  corresponding  to  the  air- 
foil mid-chord.  Previous  measurements  (reference 18) obtained  with  the  grid 
employed in this  study  demonstrated  that  turbulence  properties  have  negligi- 
ble  variation  over  an  axial  distance of one  airfoil  half-chord (11.4 an), 
hence,  the  measurements  can  be  considered  to  apply  to  the  airfoil  leading 
edge  position. 
Spanwise  Homogeniety 
The  turbulence  field  sufficiently  far damstream of grids  such  as  those 
employed in this  study  is  approximately  homogeneous  in  planes  normal  to  the 
tunnel  axis;  that  is,  statistical  properties of the  turbulence  do  not  depend 
on absolute  position  in  the two transverse  directions  (vertical  and  lateral). 
Figure 3 displays  measurements  of  the  axial  and  vertical  turbulence  component 
intensities  for  various  velocities  as a function  of  test  section  spanwise  dis- 
tance  that  were  taken  to  assess  the  degree of turbulence  homogeniety  in  the 
spanwise  direction.  The  spanwise  distribution  is  shown  to  be  relatively uni- 
form  with  the  maximum  dev5ation  from  the  span  average  being  in  the  range 
from 5 to 9 percent of the  span  average  intensity  for  all  eight  tranverses. 
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The  axial  and  vertical  component  span  average  intensities  were  approximately 
the  same,  differing in absolute  percentage  by 0.14 to 0.44 percent. As a 
percentage  of  the  intensities  this  represents a range  from  about 3 to 10 per- 
cent. For the  purpose of noise  prediction  the  turbulence  was  assumed  to  be 
homogeneous  in  the  spanwise  direction  with  intensities  given  by  the  figure 3 
span  average  values. 
Turbulence  Length  Scales 
Shown  in  figure 4 are  autocorrelations of the  axial  and  vertical 
components of turbulence  as a f'unction of  delay  time  for  various  test  veloci- 
ties.  The  autocorrelations  have  been  normalized  by  the  zero  delay  time  values. 
The  functions  are  observed  to  decrease  with  delay  time  at a faster rate  for 
increased  test  velocity  as  would  be  expected.  These  functions  represent 
Eulerian  correlations of the  turbulence  components  with  respect  to  time, 
R ( 7 ) .  The  Eulerian  integral  time  scale  of  the tebulence, J, is given  by 
Although  figure 4 only  displays R(T) values  at 100 psec  increments, J was 
calculated by graphical  integration  of  the  actual  correlator  output  curves. 
These  values  of J are sham in  the  figure.  By  invoking  Taylor's  frozen- 
flow  hypothesis  (reference 14) it  is  possible  to  calculate  the  longitudinal, 
Af, and  lateral, Ag, space  integral  scales  from  the  mean  velpcity,  U,  and 
Eulerian  time  scales 
As  shown in figure 4, the  space  integral  scales  are  relatively  independent 
of  test  velocity  as  would  be  anticipated.  The  ratio  of  lateral  to  longitud- 
inal  scales  measured in this  manner  is  closer  to 0.8 than  the  value  of 0.5 
expected for  isotropic,  homogeneous  turbulence. 
In figure 5, these  autocorrelation  data  are  plotted in the  form  of 
spatial  longitudinal, f (x) ,  and  lateral, g ( x ) ,  velocity  correlation  coeffic- 
ients.  Taylor's  hypothesis  has  been  applied  to  convert  from a temporal  to 
spatial  frame.  While  the  axial  component  shows  good  agreement  with  the 
yon K&&n correlation,  the  vertical  component  deviates  at  large  axial  dis- 
tance. 
Turbulence  Spectra 
Figue 6 compares  measured  wavenumber  spectra  of  the  axial  and  vertical 
turbulence  components  at  various  test  velocities  to  the  empirical  isotropic 
turbulence  spectrum  of  Liepmann  and  the  spectrum  derived  from  the  von  K&rm&n 
interpolation  formula  (reference 14). In this  figure, Q is  axial  wavenumber 
related -to frequency, f, by % = 2rrf/U  and ke is  the  wavenumber  range  of 
energy-containing  eddies  which  is  related  to  the  axial  (longitudinal)  inte- 
gral  scale Af by ke = 3/41'!,. The  data  show  better  agreement  with  the  von 
K 6 d n  spectrum  including  the -5/3 power  decrease  at  high  frequency  than  the 
Liepmann  spectrum.  This  would  be  expected  due  to  the  large  Reynolds  number 
associated  with  the  turbulence  generating  grid  flow.  Similar  behavior  at 
large  Reynolds  number  is  shown  in  figure 3-13 of  reference 14. As in  the 
case  of  the  autocorrelations  discussed  above,  the  axial  component  is  observed 
to  agree  more  closely  with  the  von  Kbrmgn  spectrum  than  the  vertical  compon- 
ent. 
Spanwise  Cross-Correlations 
In  figure 7, correlation  coefficients ofthe axial  and  vertical  components 
obtained  by  cross-correlation f two  hot  wire  probes  separated in span  are 
s h m .  For the  axial  component,  the  ratio  of  lateral  to  longitudinal  scale is 
approximately  one-half  as  would  be  expected  for  isotropic  turbulence whi th
vertical  component  ratio  is  less  than  one-half. 
Spanwise  Cross-Spectra 
Shown  in  figure 8 are  measurements  of  the  spanwise  cross-spectrum of the 
vertical  turbulence  velocity  component  for  various  test  velocities  and  fre- 
quencies.  This  function  describes  the  degree of spanwise  correlation  of  the 
vertical  velocity  component as a  function  of  frequency  and  is  the  primary  in- 
put  to  the  far-field  noise  spectrum  prediction  and  surface  pressure  cross- 
power  spectral  density  prediction  method  employed  in  this  study.  Shown  in 
figure 8 as  solid  lines  is  the  expression  for  the  normalized  spanwise  cross- 
spectrum  that  can  be  derived  from  the  von K&n interpolation  formula 
for  isotropic  turbulence. 
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In this  expression,  derived  in  Appendix D, the K's denote  modified  Bessel 
functions of the  second  kind  and  fractional  order,  is  the  ratio f axial 
wavenumber, kx, to  the  wavenumber  range of energy-containing  eddies, ke, and 
p is  normalized  spanwise  separation  distance. 
The  data  are w ll represented by the  von prmhn expression  provided  that 
the  normalized  separation  is  replaced by = -p. This  means  that  the  span- 
wise separation, ysC, is  made  nondimensional by an  axial  length  scale  that  is 
only  three-quarters of the  value  used  to  nondimensionalize  the  frequency. 
This  relative  contraction of the  spanwise  length  scale  was  found  necessary in 
previous  experiments  reported  in  reference 19. The  need  for  such  a  contrac- 
tion  and  consequent  indication of slight  anisotropy  is of no  practical  impor- 
tance  since  as  noted  in  reference 19, the  isotropy of the  turbulence  is  irre- 
levant  provided  the  required  turbulence  statistics can,be suitably  described. 
Based on tQese  results  it was concluded  that  the  von  K6rm6n  expression 
employing fi as  the  nondimensional  separation  constituted  the  appropriate 
spanwise  cross-spectrum  for  use  in  the  analytical  prediction of surface  pres- 
sures  and  far-field  noise. 
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Summary of Flow  Measurement  Results 
The  incident  turbulence  was  found  to  be  approximately  homogeneous  in  the 
spanwise  direction  and  somewhat  anisotropic. Good agreement  was  obtained  with 
the  von  K6rmbn  power  spectrum  and  also  with  the  corresponding  spanwise  cross- 
spectrum  if  the  spanwise  distance  was  contracted by a  factor  of 1.3. Based 
on these  results,  the  von  Kh&n  formulation  (with  contraction)  was  employed 
in  the  derivation of the  equations  for  noise  and  surface  pressure  prediction. 
Although  the  noise  and  surface  pressure  prediction  method  is  general  with 
regard  to  the  nature of the  incident  turbulence  (isotropic,  homogeneous 
turbulence  is  not  required)  and  can  be  applied if sufficient  experimental 
documentation of the  turbulence  is  obtained,  the  applicability of the  von 
K 6 d n  expressions in this  case  eliminated  inaccuracies  associated  with 
curve  fitting of experimental  turbulence  data  and  simplified  calculations. 
FAR  FIELD ANALYSES AND RESULTS 
Far Field Noise Theory 
Theoretical  Approach. - "he present approach is  based on the  
theo re t i ca l  development of reference 20. The turbulence i s  assumed t o  be 
frozen and represented in terms of i t s  spec t r a l  wavenumber components, kx 
and ky.  The a i r f o i l  i s  assumed t o  be a f l a t  plate  of  zero thickness ,  and 
l inearized theory i s  assumed so t h a t  t h e  wavenumber associated with the z 
coordinate normal t o   t h e   a i r f o i l  (a t  zero angle of attack) does not enter. 
End effects  are  ignored in  calculat ing the airfoi l  response ( i .e . ,  the  air- 
fo i l  sur face  pressure  is  calculated as i f  t h e   a i r f o i l  were i n f i n i t e ) .  
Effects  of  compressibi l i ty  in  the air foi l  response funct ion and 
noncompactness e f fec ts  in  ca lcu la t ion  of  the  fa r - f ie ld  sound are included. 
Compressibil i ty effects are shown t o  be s ignif icant  a t  high frequency,  and 
their  inclusion represents  one of  the s ignif icant  improvements r e l a t i v e  t o  
previous theories. Finally, the assumption of large span allows simplifi- 
cat ion of  the expression for  far-f ie ld  sound. The r e su l t  fo r  t he  ove ra l l  lift 
under this approximation agrees with an expression given previously by other  
authors (e.g. , references 19 and 21), being designated in  those papers  as  
"strip theory". However, it was not clearly pointed out in these references 
tha t  t he  result i s  mathematically rigorous in the large span limit and does 
not require the "strip theory" approximation. A similar approximation was 
a l so  made by Goldstein (reference 22). Further discussion is  given i n  the 
fo l lowing  sec t ion  re la t ive  to  the  meaning of the term "large span", but i n  
general, it i s  a limit wel l  su i ted  to  the  problem of incident turbulence 
noise generation. 
Theoretical Formulation. - An a i r f o i l  o f  chord 2b and span 2d is  placed 
i n  a turbulent  f luid with a mean flow U i n  t h e  axial (chordwise) direction, 
x as showninthe sketch below. The y coordinate extends in the l a t e r a l  (span- 
wise) direction, the z axis is  v e r t i c a l  (normal t o  t h e  a i r f o i l ) ,  t h e  o r i g i n  
of the coordinate system is  a t  t h e  c e n t e r  o f  t h e  a i r f o i l  and the observer i s  
i n  t h e  f a r - f i e l d .  With this notation, reference 20 shows that use of estab- 
lished theory and the assumption that infinite span airfoil  response functions 
can be app l i ed  to  the  f in i t e  span  a i r fo i l  problem, resul ts  in  the fol lowing 
expression for  the far-f ie ld  sound power spec t ra l  dens i ty  (ED) 
18 
0 OBSERVER 
- I  
The  normalized  pressure jump across  the  airfoil,g,  is  defined  as 
where AP is  the  pressure  jump  produced  by  a  normal  gust  velocPty 
wQ = w, e i [ k , ( U l - ~ ) - k y y l  
Also,  the  following  quantities  are  defined: 
K, t W/U, Ky= Wy /Cow 
In these  expressions k,and % are  the  axial  (chordwise)  and  lateral  (spanwise) 
wavenumbers of the  turbulence,  respectively.  Additional  quantities  are 
defined  in  the  List of Symbols. It should  be  noted  that  equations  (6a-6c) 
are  the  complex  conjugates of.the corresponding  equations  given  in  reference 
20. This  results in a  positive  value K, = cu/U rather  than  the  negative 
value K, =-w/U of reference 20 when  the  time  Fourier  transform  is  defined 
as 
The function ( s i n  5 d)/(S2I-rd) in  equat ion (4) behaves l i k e  a d e l t a  2 
function of 5 for  1arge .d .  &.was shown in  r e fe rence  20, when the acoust ic  
wavelength, h ,  i s  much smaller t h a n  t h e  a i r f o i l  semispan, d, equation (4) 
can be s impl i f ied  to  
Under th i s  l imi t a t ion  (which can 
becomes concentrated within the order of a wavelength from t h e   a i r f o i l  
leading edge and f i n i t e  span effects  are  l imited to  a dis tance on the order 
of a wavelength from the ends. Thus, under the limit h << d,  it is  not 
necessary to  assume l a rge  a i r fo i l  a spec t  r a t io  fo r  equa t ion  (7) t o  hold. 
When the aspect  ra t io ,  AR, i s  l a rge ,  t he  r e s t r i c t ion  MKxd >> 1 can be 
relaxed to  J&d >> 1. Under t h i s  r e s t r i c t i o n ,  end e f f ec t s  a r e  l imi t ed  to  
within a chordlength from the ends and can again be neglected. Equation (7) 
i s  thus exact for both the limits 
and 
MK,d-aD 
K,d “Q) with AR-aD 
The a i r f o i l  response functions used to  ca lcu la ted  d: w i l l  be approxima- 
t ions ,  one fo r  t he  low frequency regime and one for the high frequency regime. 
Together they give good approximations t o  t h e  a i r f o i l  r e s p o n s e  f o r  a l l  f r e -  
quency, as discussed in reference 23. 
For the low frequency regime, p < 0.4, the solution of Amiet (reference 
24) i s  used.  This  small p solut ion i s  c o r r e c t  t o  0 (p) and neglects terms 
0 (p2) and higher. It i s  similar to  the  so lu t ion  of  Osborne (reference 25) 
which  had neglected a term of 0 (p) .  Further discussion of the solution i s  
given in  references 23, 26 and 27. The so lu t ion  for  the  pressure  d is t r ibu-  
t i on  produced by a gust given by equation (6b) with % = 0 on an a i r f o i l  
s i t ua t ed  between -1 5 x 5 1 is  shown in   . re fe rence  24 t o  be 
where 
20 
I 
and S i s  the classical  Sears  f 'unct ion (reference -1). The overbar indicates 
a variable nondimensionalized by the semichord b. The r e s u l t  f o r  non-zero 
5, needed when the  observer i s  n o t  i n  t h e  y = 0 plane,  can  be  obtained 
using the s imilar i ty  rules  of  Graham (reference 28). Introducing equation 
( 9 )  into equation (5) gives 
(10) already  ignores  terms  of 0 (p2). To be consistent,  the absolute 
of Jo - iJ1 can  be  approximated by 1, giving 
A simple, but accurate, approximation to the Sears function which was 
in  the  ca lcu la t ions  is  
value 
used 
Although this approximation loses the logarithmic behavior of the Sears 
funct ion for  small kx, the accuracy i s  qui te  good. 
For high frequency the solution used i s   t h a t  of Adamczyk which was 
derived by  an i teration procedure similar to that of references 29-30. It 
consis ts  of a s e r i e s  of  correct ions al ternately to  the leading and t r a i l i n g  
edges. The f i rs t  two terms given by Adamczyk (reference 31) w i l l  be used 
here. An a l te rna te  der iva t ion  and f'urther comparison with numerical results 
is given in references 23 and 32. The first term alone can be used f o r  c~ > 
0.75. Here the  f i rs t  two corrections w i l l  be used which extends the range t o  
p > 0.4; t h i s  i s  the  changeover between the high and low frequencytwo-dimen- 
s iona lso lu t ions  usedinthepresentcalculat ions.  The f irst  two terms o f t h e  
Adamczyksolutionforthepressure jump, g, o f a n a i r f o i l s i t u a t e d b e t w e e n - l a d  
are   giveninreferences 23, 31and32  as   (presentedhereare the% = 0 limits a d  t h e  
complexconjugateofthesolut ions giveninreference31.  Also, bothreferences 
23 and 31 use d i f fe ren t  def in i t ions  of  E) .  
(138) 
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where 
is  a cambination of Fresnel integrals. 
Introducing equations (13a and,b) into equation (5)  gives 
f = fpP* 
where @ S p ( I - x / U )  and ii; ( I -Mx/a)-  7r/4 
For use in equation ( 7 ) ,  equations (15a and 15b) a r e  first added, and then 
the absolute value i s  taken whereupon the function o2 drops out. 
Equations ( 6 ) ,  (ll), (12), (14) and (15) in conjunction with the two 
wavenumber spectrum of the vertical velocity component of the turbulence, 
& (Q, %) (given as equation ( D 3 )  of Appendix D )  are those used i n  t h e  
present  s tudy to  predict  far-f ie ld  noise  in  the y = 0 plane. In comparing 
with experimental data the physically realizable one-sided E D ,  defined for 
positive frequencies only, Gpp = 2Spp, i s  employed and a fac tor  of 2~ i s  
accounted for  in  express ing  resu l t s  In  terms of unit frequency rather than 
unit  circular frequency. 
Shear Layer Refraction Effects. - To compare with data, a correction 
must  be applied to account for refraction by the tunnel shear layer.  For t h i s  
purpose the open j e t  wind tunnel refraction corrections of Amiet (reference 
33) were  used.  This necessitates both a d i rec t iv i ty  angle  and an amplitude 
correction. Rather than correct the data, however, the data were l e f t  "as 
measured" and the corrections were appl ied  to  the  theory  in  order  to  f ind  
predicted sound levels in the presence of the shear layer.  The corrections 
given i n  reference 33 assume a plane, zero-thickness shear layer. Ike shear 
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layer  correct ion is  a function of observer angle, Mach nmber and t h e   r a t i o  
of the normal distance between source and shear  layer  and the source- 
observer distance. The correction, however, is independent  of  frequency. 
Plots of the corrections which were appl ied  to  the  theore t ica l  resu l t s  a re  
shown i n  figure 9. Applying the correct ions in  this  manner transforms the 
predict ions to  correspond to  sound measured in the presence of the tunnel 
shear layer.  Thus, the corrections were used in  the  inve r se  manner r e l a t i v e  
t o   t h e i r  normal use, i.e., to transform measured data  to  values  which would 
be measured with a f r e e  stream extending to infinity.. This allowed the exper- 
imental data t o  be presented "as measured" with no shear layer correction. 
A i r f o i l  Response Function Compressibility Effects. - The importance of 
using airfoi l  response funct ions that  include the effect  of  compressibi l i ty  
is shown in  f igu re  10. This figure shows the  resu l t s  of  a calculation using 
t h e   a i r f o i l  response functions that include compressibility compared with the 
same calculations using the incompressible airfoil  response function (the 
classical  Sears  function)  times  the  Prandtl-Glauert  factor, 1/B. The r e s u l t s  
agree closely at  low frequency as would be expected, but at high frequency 
the d i f  erence can be significant. This is  because the Sears function behaves 
as Q-lf2 fo r  l a rge  Q while the compressible response function behaves as k.$. 
Sound Directivity Considerations.  - It i s  of i n t e r e s t  t o  examine the 
expression '  for  the far-f ie ld  sound in  the  limits of  low and high frequency 
(small and large p) .  The retarded coordinates,denoted by the subscript ,  e,  
are useful in expressing these results;  re is the retarded distance and ee 
the retarded angle measured r e l a t ive  to  the  pos i t i ve  x axis  (downstream direc- 
t ion).   Retardedcoordinates  arediscussedmore fu l ly inAppend ixEandre fe rence20 .  
Therelationsbetweentheretardedcoordinates and the  realt ime  coordinates  are 
In  the  low frequency limit the airfoi l  response 1x1 given by equation 
(11) reduces t o  l / B .  For an observer  in  the y = 0 plane, equation (7) then 
becomes 
The d i rec t iv i ty  pa t te rn ,  s in2  Oe/(1 + M cos f3e)4, fo r  t h i s  ca se  i s  exactly 
t h a t  which would be obtained for a compact dipole moving a t  Mach number M. 
For the  high  frequency  limit  the  function X1 given by equation  (l5a)  is 
much  greater  than L2 (except for an observer  near  the  positive x axis) so 
that .C, can  be  ignored. If (for an observer in the y = 0 plane)  is 
expanded  for  large p, equation (7) becomes 
These  two  expressions  are  plotted  in  figure 11. The  curves  have  been 
normalized  to 1 for  the 90 degree  angle. It  will  be noted  that  there  is  a 
significant  difference  between  the  two  curves,  showing  the  importance of 
accounting  for  noncompactness  effects  at  high  frequency.  (Because of the 
approximation  used in deriving  equation (17), the  high  frequency  directivity 
in  figure 11 is  that for  an airfoil with a  semi-infinite  chord.  Thus,  a 
finite  sound  level  is  predicted  for e + 0 whereas  a  finite  chord  airfoil 
would  be  predicted  to  have  zero  sound  there.  This  affects  the  curve  only  over 
a small  angle  around 0 = 0.) 
The  velocity  dependence of equations (17a and  b) is also of interest. If 
the  percent  turbulence  level  and  the  axial  wavenumber $ (= w/U) are  kept  fixed 
as U is  varied,  and  M  is  small,  the  acoustic  energy in a  fixed  percent  fre- 
quency  bandwidth  behaves  as 6 at low frequency  and U5 at  high  frequency,  as 
noted  from  equations  (17a  and b). (Note  that  since K, is  kept  fixed, u) must 
vary  as U.) These  results  are  similar  to  those  found  elsewhere  (see e.g., 
references 4 and 34). At  non-negligible  Mach  number  other  factors in 
equation (17), such  as (1 + M cos ee), become  important  and  alter  the  velocity 
dependence  from  the  simple  fifth  and  sixth  powers.  The  parameter p, c itical 
in deciding  whether  the low or high  frequency  limits  are  applicable, is pro- 
portional  to  chord,  c,  divided  by  acoustic  wavelength, A. Thus, when ), >>c  the 
low frequency  limit ban be  us.ed,  while if ), <<c  the  high  frequency  limit  is 
applicable. 
Far Field  Experimental  Results 
Typical  Results. - Far-field  noise  spectra  were  obtained  at  free  stream 
velocities of 40, 60, 90, 120 and 165 m/sec  at  angles  relative  to  the  upstream 
direction of 70, 90, 105, 120, 130 and 140 deg  for  both  zero  and 8 eg  geo- 
metric  angle of attack.  Shown in figure 12 are  the  results for 90 deg.  The 
ordinate  is  “spectrum level“ obtained  as  discussed in the  section  entitled 
“Instrumentation.”  The  data  signals were filtered  prior  to  analysis  by  a 
150 Hz high  pass  filter. Data  are  presented for an empty  test  section  and 
for  airfoil  angles of attack of zero  and 8 deg.  The  empty  test  section  data 
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represent noise from other sources such as the tunnel free-jet  collector and 
shear  layer  and cons t i tu te  the  background noise for the experiment. In  
figure 12, background noise has not been subtracted from measured a i r f o i l  
noise. The turbulence induced airfoil  noise i s  observed to  be  broadband  and 
of high intensity,  standing out as much as 15 dB above background a t   t h e  low 
frequencies where the noise  i s  most intense.  Increase of  a i r foi l  angle  of  
a t t ack  from ze ro  to  8 deg i s  seen to cause a small but measurable increase i n  
noise over the mid-to-high frequency range. 
Comparison of-Theoretical and Experimental Spectral Result.s. - Shown i n  
"" __ -___~_ . - . . . 
f igure  13 is a comparison between theory and experiment for  the  noise  spec t ra  
d i r e c t l y  above t h e  a i r f o i l  a t  an airfoi l  angle  of  a t tack of  zero.  The direc- 
t i v i t y  angle, @M, i s  the angle relative to the upstream direction and i s  
therefore  90 deg fo r  t h i s  ca se  (@ = 180-0). The data represent measurement 
a t  9 deg i n  t h e  presence of the tunnel shear layer. The theoret ical  pre-  
dict ions shown by so l id  l ines  inc lude  the  shear  layer  re f rac t ion  cor rec t ion  
discussed in the previous section enti t led "Shear Layer Refraction Effects" 
and can therefore be compared d i r e c t l y  t o  measured data acquired in the pre- 
sence of the tunnel shear layer. 
The experimental data points have been obtained by subtracting measured 
tunnel background noise from the measured spectra.  Flagged symbols denote 
data poin ts  for  which the difference between a i r f o i l  and background noise 
was between 4.3 dB and 2.2 dB thus requiring corrections of 2 t o  4 dB i n  
measured a i r f o i l  l e v e l s .  These data  are  subject  to  greater  uncertainty 
than the unflagged points for which corrections of less than 2 dB were 
required. Data requiring corrections greater than 4 dB have not been plotted 
s ince an uncertainty greater  than one or two decibels  in  absolute  level  
could exist. 
The agreement between theory and experiment is  considered good, pa r t i -  
cu l a r ly  fo r  t he  low-frequency noise that dominates the spectra and f o r  t h e  
high Mach numbers most re levant  to  he l icopter  ro tor ,  p rope l le r  and turbo- 
machinery  noise. The average absolute difference between the  theore t ica l  
curves and data shown i n  f i g u r e  13 (excluding flagged symbols) i s  0.5 dB 
f o r  165 m/sec, 1.5 dB a t  120 m/sec, 3 dB a t  90 m/sec. 1.5 dB a t  60 m/sec and 
4 dB a t  40 m/sec. Significant deviations between theory and experiment a r e  
generally observed at high frequency with the disagreement greatest a t  low 
velocity.  Such behavior would be expected due t o  f i n i t e  a i r f o i l  t h i c k n e s s  
effects not accounted for by the theory. When the  gust wavelength decreases 
t o  a length comparable t o   t h e   a i r f o i l   t h i c k n e s s   i n   t h e   v i c i n i t y  of the  
leading edge, s ign i f i can t  e r ro r s  would be anticipated. Since gust wavelength 
i s  given by the ratio of mean veloci ty  t o  fYequency, an order of magnitude 
c r i t e r i o n   f o r  breakdown of theory can be expressed as U/ f tA  S1 where f i s  
sound f’requency, U the velocity and, t A ,  t he  a i r fo i l  t h i ckness .  The observed 
disagreement i s  approximately 5 dB  when the above equal i ty  i s  s a t i s f i e d .  
Although a r igorous explanat ion for  this  breakdown cannot be given, an eddy 
sma l l  i n  comparison with a leading edge thickness dimension would not be 
expected t o  produce t h e   a i r f o i l  lift f luc tua t ion  tha t  would obtain i f  the 
a i r f o i l  had zero thickness and consequently appeared t o   t h e  eddy as a kn i f e  
edge. An impl ica t ion  of  th i s  resu l t  i s  that  noise  reduct ions greater  than 
those predicted by theory may be achieved by reducing the ratio of turbulence 
scale to thickness.  Experimental  confirmation of this anticipated result  
would be of i n t e r e s t .  Improvement of noise prediction theory by extending 
a i r f o i l  lift theor ies  to  inc lude  f in i te  th ickness  would a l so  be useful. 
Comparison of Theoretical and Experimental Directivity Results. .  - Shown 
i n   f i g u r e  14 is  a comparison between theory and experiment f o r  t h e  f a r - f i e l d  
a i r f o i l  n o i s e  d i r e c t i v i t y  as a function of frequency a t  an a i r f o i l  a n g l e  of 
a t t ack  of zero. A l l  da ta  tha t  were a t   l e a s t  2.2 dB above tunnel background 
noise have been plotted. A s  i n  t he  case  of the 90 deg spec t r a l  comparisons 
above, the theoretical  predictions include a refract ion correct ion to  permit  
d i r e c t  comparison with measurements obtained outside the wind tunnel shear 
layer .  The d i rec t iv i ty  angle ,  GM, i s  measured r e l a t ive  to  the  upstream a x i s  
(i .e. ,  qjM = 180-0). The leve ls  have been corrected to account for back- 
ground noise and the symbol f lags  have the  same meaning as above. The agree- 
ment i s  observed t o  be good except for low values of Ulf t , ,  as in  the  case  
of the 90 deg spec t ra l  comparison. O f  i n t e r e s t  i s  the  theore t ica l  p red ic t ion  
of a progression from a smooth direct ivi ty   pat tern  near ly   symmetr ical   wi th  
90 deg a t  low frequency to an af t  quadrant dominated, wavy pa t t e rn  at high 
frequency.  This i s  p a r t i a l l y  confirmed  by  the data. 
Both of the above ef fec ts  a re  a t t r ibu ted  to  source  noncompactness a t  
high frequency. A t  low frequency (large gust wavelength) the airfoil chord- 
wise pressure distribution i s  i n  phase. This distribution can be modeled 
in  the far-f ie ld  as  a  point  dipole  which has a symmetr ical  direct ivi ty  pat-  
t e r n  about 90 deg ( s i n  $ beha?iior). With increased frequency, the airfoil  
leading edge dominates and the pat tern tends toward the s in  @/2 behavior 
associated with edge radiat ion from a semi- inf ini te  plate .  Waviness in  both 
frequency spectra and direct ivi ty  pat terns  a t  high frequency are  bel ieved 
t o  be associated with the cancellation of waves from negative and posi t ive 
portions of the airfoil  chordwise pressure distribution. 
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In  addition to supporting the airfoil  turbulence noise theory employed 
here,  the data provide indirect  substantiation for the wind tunnel shear 
layer   re f rac t ion   cor rec t ion   appl ied   to   the   theore t ica l   d i rec t iv i ty   p red ic-  
t ions.  As s h m  i n  f igure 1 4 ,  the agreement a t  angles other than 90 deg i s  
s imilar  to  that  obtained a t  90 deg where r e f r ac t ion  e f f ec t s  a r e  sinall. There 
exist  other experimental  data which tend to support  the refraction correction 
appl ied here  in  a more d i r e c t  manner (reference 33). 
A dipole   radiat ion  pat tern i s  o f t en  assumed i n  predic t ing   d i rec t iv i ty  
patterns associated with incident turbulence noise.  The  good agreement 
between prediction and experiment s h a m   i n   f i g u r e  14 i n  conjunction with 
the-s igni f icant  devia t ion  between the  c lass ic  d ipole  pa t te rn  and the predic- 
tions of theory at high frequency (figure 11) demonstrate the limitations of 
this  dipole  pat tern assmption.  A t  the higher frequencies of most importance 
to perceived noise,  .an edge type radiation pattern may be more re levant  in  
the prediction of turbulence induced noise associated with full-scale heli- 
copter rotors,  propellers,  and turbofan engines. 
Importance of Incident Turbulence as a Noise Mechanism 
Based on the resul ts  of  the present  s tudy and previous noise data obtained 
i n  t h e  UTRC Acoustic Tunnel with the same a i r f o i l ,  i s o l a t e d  a i r f o i l  n o i s e  
mechanisms can be ranked i n  terms of t h e i r  r e l a t i v e  importance. For a two- 
dimensional  isolated airfoi l ,  the  operat ive noise  mechanisms a r e  (1) inc i -  
dent turbulence, (2)  the turbulent boundary layer ,  (3) s ta l l , ed  a i r fo i l  f low 
and (4) discrete frequency vortex shedding. 
Incident turbulence of approximately 4 percent intensity and 15 percent 
chord length scale was observed in  the present  s tudy to  cause far-f ie ld  
noise with an intensi ty  as  much as 15 dB above tunnel background noise. 
The sm of direct  radiation from an attached turbulent boundary layer and 
i t s  i n t e r a c t i o n  w i t h  t h e  a i r f o i l  t r a i l i n g  edge (at tached f low trai l ing edge 
noise) obtained under low turbulence inflow conditions, however, was found 
(reference 10) t o  be undetectable above tunnel background noise. The tur-  
bulent boundary layer  i s  therefore a much weaker noise source. 
I n  s t a l l e d  a i r f o i l  flow studies (reference U), an increase of several 
decibels above tunnel background noise was found. The operative noise 
mechanism was demonstrated t o  be in t e rac t ion  of stall-generated eddies with 
t h e  a i r f o i l  t r a i l i n g  edge. This mechanism is  therefore much stronger than 
boundary layer noise but an order of magnitude weaker than the incident 
turbulence considered here. The f i n a l  i s o l a t e d  a i r f o i l  mechanism i s  vortex 
27 
shedding  noise  associated  with  a  trailing  edge  laminar  boundary  layer 
(reference 10). While  comparable  in  intensity  to  the  present  incident  tur- 
bulence  noise,  the  mechanism  'disappears  when  both  suction  and  pressure  sur- 
face  boundary  layers  are  turbulent  at  the  trailing  edge.  Since  this  situa- 
tion  obtains in almost  all  full-scale applicatims, this  mechanism  is  not of 
practical  importance. 
Based on these  consideration,  incident  turbulence  is  concluded  to  be  an 
important  isolated  airfoil  noise  mechanism. For the  inflow  turbulence  pro- 
perties  considered  here,  it  strongly  dominates  the  other  practically  impor- 
tant  mechanisms. In full-scale  applications,  its  relative  importance  would 
depend  upon  the  intensity  and  scale  of  the  incident  turbulence  flow  field. 
The  theory  discussed  above  can  be  used  to  estimate  the  turbulence  induced 
noise  in  such  situations. 
Approximate  Expressions  for  Far-Field  Noise 
While  the  complete  solutions  for  far-field  noise  given n this  section 
are  relatively  easy  to  program  and  must be used  where  high  accuracy or
general  directivity  angle  predictions  are  required,  Appendix  E  provides 
approximate  expressions for the  noise  at Idrn = 90 deg  suitable  for  estimation 
purposes.  Predicted  levels  are  given in  third-octave  bandwidth.  Appendix 
E also  discusses  application of these  expressions  to  rotating  blade  noise 
prediction  and  acoustic  wind  tunnel  measurements. 
Far  Field  Summary 
For the low frequencies  that  dominate  the  airfoil  noise  spectra  and  high 
Mach  numbers  most  relevant to practical  applications,  good  agreement  in  both 
spectra  and  directivity  (typically  on  the  order of 1 or 2 dB)  was  observed 
between  experiment  and  a  theory  capable  ofabsolute  level  prediction  without 
empirical  constants.  Significant  disagreement  was  noted  where  finite  air- 
foil  thickness  effects  not  accounted  for  by  theory  would  be  expected  to 
become  important.  The  good  agreement  provided  indirect  support for the  shear 
layer  refraction  corrections  applied  to  the  data. 
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SURFACE PRESSURE ANALYSES AND RFSULTS 
Surface  Pressure  Theory 
The  airfoil  surface  pressure  for  any  frequency  can  be  found by summi g
the  airfoil  response to  all the  spectral  gust  components  contributing to  that 
frequency. As given by equation (11) of reference 20, the  cross-ESD  of  the  sur- 
face pressure S is 
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sqq(X,,X21771W)= 2U(TPol2/ 9 * ( x 1 , K x , k y ) g ( X 2 , K , . k y ) ~ w w ( K X , k y )  cos(kyT)dky (18) 
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(Note  that in reference 20, SQQ referred  to  pressure  jump  across  the  airfoil, 
not  surface  pressure,  hence an additional  factor of 1/4 was  introduced  here. ) 
For the  calculation of far-field  noise  it  was  possible to simplify  the k 
integral  in equation(4).  This is due  to  the  fact  that n  integral  over  the 
span was taken,  resulting in a  cancelling  effect  for all k spectral  components 
except  the  one  giving  the  entire  noise  contribution  at  thax  particular  observer 
position. In calculating  unsteady  surface  pressure,  the  absence  of an integral 
over  span  means  that  the k integral  cannot  be  simplified.  Thus,  the  integra- 
tion  in equation(l8)was cahied out  numerically to obtain  the  predictions of 
surface  pressure cross-ED. 
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For  large  spanwise  separation, 7 the  integrand in equation (18) oscillates 
rapidly, and is  thus  difficult  to  evaluate  numerically. For this  reason 
Filon's  method  (e.g.,  reference 35) which  is directed  toward  this  type of
integral,  was  used. 
Whereas  for the  calculation of far-field  noise only the  airfoil  response 
for  the  parallel  gust was needed,  for  calculating  surface  pressure,  results 
for  both  the  parallel  compressible  gust  and  the  skewed  incompressible  gust  are 
needed.  The  approximate  results  used  for  the  parallel  compressible  gust  are 
the  same  as  those  used in the  calculation of far-field  noise. As for  the 
parallel  gust  case,  the  calculation  for  the  skewed  incompressible  gust  was 
divided  into  two  regimes:  small k and large k 
Y Y' 
The  solution  for s m a l l  k is  that  of  Amiet  (reference 3 6 ) ,  which  gives 
for  the  normalized  pressure  jump  on a airfoil  between -1 5 1 Y 
- 
k y ~ 0 . 3  
where 
This approximate solution was derived from the corresponding solution of Amiet 
(equation (9)) f o r  a parallel  compressible gust using the Graham (reference 28) 
s imi la r i ty   ru les .  
The so lu t ion  fo r  l a rge  as f o r   t h e   p a r a l l e l  gust case, was obtainedby 
Adamczykusing theaforementio editerationtechnique. This solution is ,  i n  
fact ,  mathematical ly  re la ted to  the resul t  for  the paral le l  compressible  gust 
case through the similari ty rules of Graham (reference 28) , just  as the  above 
small 5 solut ion i s  r e l a t e d  t o  t h e  small p solution. The first two terms 
given by Adamczyk (reference 31) were sham in  re ference  32 t o  be qui te  accu- 
r a t e   f o r  ky > 0.25 when compared with the numerical  results of Graham (refer-  
ence 37). For the present calculations,  the two-term solut ion was used over 
k 
the range gr 
is  
where 
i s  the  e r ror  
> 0.3. For an a i r f o i l  s i t u a t e d  between -1 5 i 5 1, the solut ion 
function. 
Although Adamczyk g ives  d i rec t ly  the  response  fhc t ion  for a skewed 
compressible gust, this was broken down into the parallel  compressible gust 
result  (equations (13)) and the skewed incompressible gust result (equations 
(20)) since these were the l imiting cases which  were  checked against  
numerical  results . Graham's similari ty rules (reference 28) were then  used 
to  re la te  the  genera l  skewed compressible gust casetoone of these two 
simpler results. This gives a more precise understanding of the accuracy 
t o  be  expected of the general  solution. The approximate solutions used 
herein are  compared with exact numerical results in Table I sharing that  
the approximate solutions are accurate to within a few percent of the exact 
solutions.  
Introducing  these  airfoil  solutions  into  equation (18)along  with  equation 
(D3) for  the  turbulence allows calculation of the  cross-spectrum of the  surface 
pressure.  Figure 15 shows  the  calculated  cross-spectrum agnitudeasafunction 
of  spanwise  separation.  From  this  figure  it  can  be  seen  that  the  correlation 
length  near  the  leading  edge  can  be  significantly  smaller  than  that  near  the 
trailing  edge.  Defining  the  spanwise  correlation  length, A ' ,  on the  airfoil 
surface  to  be  the  distance  at  which  the  cross-spectrum  at a given  frequency 
falls  to  l/e  of  its  value for zero  separation,  gives  the  plot  of  spanwise  cor- 
relation  length  as  function  of  chordwise  position sham in figure 16(a). 
Near  the  trailing  edge  the  correlation  length, A ' ,  is  slightly  greater  than 
the  chord,  c,  whereas  near  the  leading  edge a' i  less  than c/5, thereby  illus- 
trating  the  significant  variation in $ which'can take  place  over  the  chord. 
Figure 16(b) shows the  predicted  spectrum  level  for  zero  separation  as a func- 
tion  of  chordwise  position. This is  the  level  that  was  used  to  nondimension- 
alize  the  results  shown  in  figure 15. 
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It  is  interesting  to  note  that  the  correlation  length .$(w,x) on  the 
airfoil  surface,  defined  as  above,  becomes  comparable  at  the  airfoil  leading 
edge  to  the  correlation  length (u)) for  the  turbulence,  found  by  integration 
of  the  turbulence  cross-spectrum  over  spanwise  separation.  For  the  von  K&m&n 
spectrum,  the  result  given i reference 20 is 
Y 
For a turbulence  length  scale, Af = 3.0 cm,  and  frequency, f = 
found to be 2.5 cm, at the leading edge is shown by figure 
be 3.9 cm. (Note the difference in the definitions of 
is  found  by  integration  over  spanwise  separation  whereas $ is 
separation  at  which  the  cross-correlation  falls by a factor  of l/e. ) The sur- 
face  pressure  correlation  length  behavior  described  above  is in agreement  with 
intuition.  At  the  leading  edge  the  turbulence  correlation  length  is (w). 
Surface  pressures  near  the  leading  edge  would  be  expected  to  have a simil r 
length  scale  because  they  arise  from  the  turbulence - leading  edge  interaction. 
Since  the  airfoil  lift  adjustment  occurs  by  propagation of ac ustic  waves,  the 
influence  of an eddy  would  be  expected  to  be  extended  over a greater  spanwise 
extent  at  aft  locations. 
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Figure 17 shows  that  the  correlation  length  on  the  airfoil  is a mction 
of frequency.  (This  is  true  as  well  for  the  turbulence  correlation  length 
given  by  equation ( 2 2 ) . )  It  is  interesting  to  note  from  figure 17 that  the 
cross-ED for a given  frequency  and  separation  can  be 180 degrees  out of phase 
with  the  value  for  zero  separation.  This  is  shown  by  the  several  humps in the 
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2000 Hz curve. This effect can  lead  to  overestimation of the  far-field  noise 
when  calculated from surface  measurements if the  point  where  the  curve  falls 
to l/e of its  value is used to define .g’ - i.e. , the  contribution to the  noise 
produced by the  first  hump in the  curve  is  partially  cancelled by the  second 
hump.  This  problem of oscillating  correlation  function  behavior  is  discussed 
in reference 14 relative  to  turbulence  theory. 
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The  magnitude of the  cross-correlation  shown i figure 17 goes to zero  at 
certain  spanwise  positions  only  because  the  two  points  at  which  the  cross- 
correlation  is  made  are  at  the  same  chordwise  position.  This  causes  the  cross- 
spectrum  to  be a real  function.  When  the  points  are at different  chordwise 
positions,  the  cross-spectrum will have  both  a real and an imaginary  part,  both 
of which  do  not  generally  become  zero  simultaneously. In this  case,  rather 
than  switching in phase  from  zero  to 180 degrees  instantaneously  as in figure 
17, the  phase  makes a gradual  change.  The  cross-spectrum  curve  plotted  versus 
spanwise  separation is still  oscillatory in behavior,  however, with the  second 
hump  tending to cancel  the  first  as in figure 17. 
Figure 18 shows  the  normalized  cross-spectrum S 1 2 / . ” m i  with finite 
chordwise  separation  but  zero  spanwise  separation f r points 1 and 2. As 
expected,  the  cross-PSD  decreases with chordwise  separation. 
The  above  discussion  shows  the  complicated  manner in which  the  cross- 
spectrum of the  surface  pressure  can  behave.  These  complexities  are  therefore 
inherent in a  far-field  noise  prediction  procedure  dependent  upon  surface  pre- 
sure  measurements. A conclusion of this  report is that  the  surface  pressure 
approach  is  less  desirable  than  one  which  proceeds  directly  from  the  incident 
turbulence  statistics.  Not  only is the  latter  easier  to  carry  out,but it 
represents  a  complete  solution  to  the  problem.  Further  comments on this  sub- 
ject  are  contained  in  the  section  entitled,  “Prediction of Far-Field  Noise 
from Surface  Pressure  Measurements”. 
In the  comparisons  with  data  given in the  next  section,  theoretical 
surface  pressure E D  and  cross-PSD  are  expressed in terms of one-sided  fre- 
quency  functions  and  amplitudes  were  calculated in terms of unit  frequency. 
To calculate  surface  pressure  spectra (ED) rather  than cross-ED, x is 
taken  equal  to x and Il = 0 in  equation (18). 1 
2 
Surface  Pressure  Experimental  Results 
Typical  Spectral  Results.-  Surface  pressure  spectra  were  obtained  at  free 
stream  velocities of 40, 60, 90, 120 and 165 m/sec at  positions of 15, 30, 38, 
50 and 70 percent  chord on  the  airfoil  upper  surface  for  both  zero  and 8 deg 
angle of attack.  Shown in figure 19 are  typical  spectra  for  zero  angle of 
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attack  as a function of velocity.  At  the  two  highest  velocities, 15 percent 
chord  levels  were  significantly  higher  than  those  at  aft  positions  for all 
frequency  while  at  the  lower  velocities  aft  microphone  levels  exceeded 15 per- 
cent  chord  levels  at  high  frequency. This latter  behavior is believed  due to 
phenomena  other  than  incident  turbulence  as  discussed  below. 
Measurement of unsteady  surface  pressures  associated with turbulence 
induced  lift  is  subject  to  greater  uncertainty  than  far-field  noise  since  sur- 
face  pressure  measurements  are  also  influenced by transitional or turbulent 
boundary  layer  pressure  fluctuations.  The  airfoil  boundary  layer  pressure 
fluctuations  are of high  intensity  but  their  far-field  contrtbution is small 
(at  unstalled  airfoil  conditions)  due  to the relatively small correlation 
lengths  associated with  such fluctuations.  This was evident in previous low 
turbulence  inflow  experiments  (references 10 and ll)., High  unsteady  surface 
pressures  were  measured in these  experiments  when  the  boundary  layer was tur- 
bulent  and  attached,but  airfoil  noise  could  not  be  detected  above  tunnel  back- 
ground. In the  present  ex-periment,  higher  levels of  the 30 percent  chord 
microphone  were  observed  at  lower  test  Reynolds  numbers when the  microphone 
was offset in span  relative  to  the 15 percent  chord  microphone  than  when  the 
two  microphones  were  in-line.  HLgher  levels  were  also  observed  at  the 30 per-
cent  in-line  position when the 15 percent  chord  microphone was removed  and  the 
surface  faired.  It  was  concluded  that  the  small  surface  discontinuities 
associated with installation  of  the 15 percent  chord  microphone  tripped  the 
boundary  layer  from  transitional  to  turbulent.  These  results  indicate  that 
pressure  fluctuations  associated with a M l y  turbulent  boundary  layer  are 
lower  than  those  obtained with a  transitional  boundary  layer. m e  agreement 
between  off-set  and  in-line30  percent  microphone  spectra  at  higher  test 
Reynolds  numbers  where  transition  would  occur  further  forward  on  the  airfoil 
tends  to  confirm  these  conclusions.  Additional  support  is  offered  by  the 
observed  agreement of off-set  and  in-line 30 percent  chord  spectra  at  angle 
of attack  where  the  adverse  suction  surface  pressure  gradient  causes  transition 
to  occur  at  a  more  forward  location. 
The  spectral  cross-overs in figures 19(a) and (b) are  believed to be 
caused  by  the  presence of a  laminar  boundary  layer at 15 percent  chord  and  a 
turbulent  boundary  layer at other  measuring  stations.  The  high  frequency 
regions of the  plots  are  probably  dominated  by  boundary  layer  rather  than 
lift-associated  pressure  flucturations.  The  frequencies  at  which  this  occurs 
for  various  chordwise  stations  and  test  velocities  are unknown. This  demon- 
strates a fundamental  problem in relying on blade  pressure  measurements  to 
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predict  far-field  noise  when  the  phenomenon  under  investigation  is  broadband 
in nature  rather  than  harmonic.  In  this  situation,  pressure  fluctuations 
responsible  for  significant  far-field  noise  are  not  readily  separated  from 
those  associated  with  the  boundary  layer. To accomplish  such  separation, 
detailed  surface  pressure  cross-correlations  are  required. In full-scale 
rotating  blade  studies,  such  detailed  measurements  are  impractical. 
At  test  velocities  such  as 90 m/sec  and  higher,  humps  were  noted in some 
of the  surface  pressure  spectra as shown  in  figure 19. "hese  are  believed 
to be  associated  with  airfoil  vibration.  While small in magnitude,  a,irfoil 
vibration  can  affect  the  response  of  surface  mounted  condenser  microphones. 
Such  harmonically  related  vibration  spikes  were  clearly  apparent in measure- 
ments  conducted  at  the  highest  test  velocity  of 165 m/sec. 
For  the  lower  frequencies  at  which  far-field  noise  was  detectable  above 
tunnel  background  (figure 13) the  surface  spectra  do  show  a  monotonic 
decrease in  level  with  increasing  chord  as  would  be  expected  from  theory.  In 
the  next  section,  theoretical  and  experiment  results  are  compared  for  the  fre- 
quency  ranges  at  which  far-field  noise was detectable  above  tunnel  background 
noise.  These  ranges  varied  with  test  velocity. 
Comparison  of  Theoretical  and  Experimental  Spectral  Results.-  Shown in 
figure 20 is  a  comparison  between  theory  and  experiment  for  the  airfoil  chord- 
wise  unsteady  surface  pressure  distribution  as  a  flmction  of  frequency  at  an 
airfoil  angle  of  attack  of  zero.  The  theoretical  predictions  shown  by  solid 
lines  indicate  a  strong  increase  in  unsteady  pressure  near  the  leading  edge, 
suggesting  (but  not  proving)  that  this  is  the  dominant  noise  producing  region 
of  the  airfoil.  This  strong  increase  near  the  leading  edge  is  confirmed by 
the  data  subject  to  the  limitation  that  measurement  forward  of 15 percent 
chord was precluded  by  inadequate  airfoil  thickness  to  house  microphone  instru- 
mentation.  The  agreement  between  theory  and  experiment,  typically  within 
several  dB,  is  considered  good  considering  the  absolute  level  nature  of  the 
prediction  method.  The  agreement  is  less  favorable  than  that  obtained  far- 
field  comparisons  discussed  previously.  The  extent  to  which  the  measurement 
uncertainties  discussed  above  are  responsible  for  the  less  favorable  agreement 
is  not  known.  The  significant  disagreement  at 30 percent  chord  noted  at  several 
frequencies  is  believed  related o transitional  boundary  layer  phenomena. 
Typical  Cross-Spectrum  Results.- For random  phenomena  such  as  airfoil 
noise  due  to  incident  turbulence,  prediction  of  airfoil  far-field  noise  spectra 
from  surface  pressure  measurements  requires  knowledge  of  the  cross-power  spec- 
tral  density  between  any  two  points  on  the  airfoil  surface.  Measurements  of 
cross-spectra  were  carried  out  to  assess  the  practicality of this  method  of 
calculating  far-field  noise.  The  theory  applied n this  study,  which  predicts 
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far-field  noise  directly  from  the  incident  turbulence  properties  without 
requiring  such  measurements,  also  predicts  surface  cross-spectra  as an inter- 
mediate  step.  The  measurements  were also taken  to  assess  these  theoretical 
predictions. 
Since  the  surface  pressure  power  spectra  discussed  above  and  surface 
pressure  far-field  cross-correlations  described  subsequently  indicated  that  the 
leading  edge  region of the  airfoil was the  dominant  noise  source,  spanwise 
cross-correlations  were  conducted  between  the two most  forward  instrumented 
locations (15 percent  and 30 percent  chord).  The 15 percent  chord  microphone 
was fixed  at  one-third  span  and  the 30 percent  microphone was traversed in 
span  to  yield  spanwise  separation  distances of 0,  1.9, 3.8, 7.6, 15.2 and 22.9 
cm. Narrow  bandwidth  prefiltered  cross-correlations  were  performed  at  each 
separation  distance  for  filter  center  frequencies  of 200, 400, 800 and 1200 Hz 
and  tunnel  speeds  of 40, 60, 90, 120 and 165 m/sec.  Cross-correlations  between 
microphones  separated  in  the  chordwise  direction  were a lso  performed  but  were 
of less  interest  since  the  leading  edge  region  dominated  the  noise  generation 
process. 
The 15 percent - 30 percent  chord  spanwise  cross-correlations  included a 
chordwise  separation  distance of 3.4 cm. The  original  intent  in  the  experiment 
design was to  cross-correlate  the 30 and 38 percent  chord  microphones  where 
this  chordwise  separation  would  have  been  smaller (1.83 cm). Based on the 
observed  strong  increase in surface  pressure  level  near  the  leading  edge,  the 
15 percent  location  was  substituted  for  the 38 p rcent  chord  position.  Since 
theory  is  capable  of  predicting  the  cross-spectrum  for  arbitrary  chord  and 
span  sepaxation  distances,  comparison  of  experiment  and  theory wasnot adversely 
affected  by  the 3.4 cm chordwise  separation. In future  experiments  employing 
blade  pressure  correlation  data  for  the  prediction  of  incident  turbulence 
induced  far-field  noise,  more  forward  locations  of  both  microphones  should  be 
considered. As discussed  subsequently, a conclusion  of  this  study is, however, 
that  direct  prediction  of  noise  from  incident  turbulence  properties  is  to  be 
preferred  to  the  blade  pressure  measurement  approach. 
Figure 21 shows  typical  narrow  bandwidth  auto  and  cross-correlations 
obtained  with  the 15 and 30 percent  chord  microphones  for  three  spanwise 
separation  distances  of ?1 = 0,  7.6 and 15 cm. The  filter  center  frequency was 
200 Hz. Decay  of  the  peak of the  cross-correlation  function  (occurring  near 
zero  time  delay)  relative  to  the  peaks of the  autocorrelation  functions 
(occurring  at  zero  time  delay)  with  increasing  spanwise  separation  is  apparent. 
The  three  correlation  plots  within  each  part of the  figure  were  obtained  with 
the  same  correlator  gain  and  summation  settings  although  settings  varied  among 
parts (a),  (b), and (c). Since  the  zero  time  delay  values  of  the  autocorrela- 
tion  functions  are  proportional  to  the  power  spectral  densities  at 200 Hz and 
the PSD's did  not vary with TI, the  relative  decrease of the  cross-correlation 
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function  peaks with J represented  measurement of the  decrease in spanwise 
cross-spectrum with increasing  span. At higher  frequencies  the  decay with 1 
was more  rapid  and  the  cross-correlation  function  could not be  detected  above 
random  noise  at  large  separation  distances  such  as 15 cm. The  method for 
extracting  cross-spectrum  magnitude from such  plots is described in more  detail 
in Appendix B. 
Comparison of Theoretical  and  Fxperimental  Cross-Spectrum  Results.-  Shown 
in figure 22 is a comparison  between  theory  and  experiment  for  the  airfoil 
surface  pressure  spanwise  cross-spectrum  as  a  function  of  frequency  at an 
airfoil  angle of attack of zero.  Comparisons  are  given for  the  frequency 
ranges  at  which  far-field  noise wa  detectable  above  tunnel  background  noise. 
These  ranges  varied with velocity.  Low  velocity  data  at  the  two  highest  fre- 
quencies  are  not  plotted  since  the  weak  cross-correlations  were ot d t ctable 
above  random  noise. 
The  agreement  between  theory  and  experiment is reasonable  considering  the 
absolute  level  nature of the  predictions.  The  agreement  is  less  favorable  than 
that  obtained in far-field  comparisons  discussed  previously.  The  average 
absolute  difference  between  the  curves  and  data w s 3.3 dB. The  theory  and 
data  confirm  the  expected  trend of decreased  spanwise  correlationwithincreased 
frequency.  Noise at high  frequency is associated with eddies of small  axial 
extent.  Since  this  also  means  a  smaller  spanwise  eddy length scale,  the  span- 
wise  extent  over  which  the  airfoil  response  is  correlated  would  be  expected  to 
be  decreased  accordingly. 
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ADDITIONAL STLTDIES 
Correlation  Studies 
Cross-Correlation of Surface  Pressures  and  Far-Field  Noise.- In previous 
noise  investigations  with  this  airfoil in the  UTRC  Acoustic  Research  Tunnel, 
cross-correlation  techniqzes  were  found to be  useful in understanding  funda- 
mental  noise  generation  processes  under  study. In an investigation of airfoil 
noise in the  presence of a low turbulence inflow (reference lo), discrete  fre- 
quency  radiation  was  observed when  at  least  one of the  airfoil  surface  boundary 
layers  remained  laminar to the  trailing  edge.  Cross-correlations  among  chord- 
wise  distributed  surface  pressure  microphones  demonstrated  that  the  origin of
the  noise was the  airfoil  trailing  edge. In another  study,  (reference ll), 
surface-to-far-field  rather  than  surface-to-surface  cross-correlations  were 
employed  to  demonstrate  that  stalled  airfoil  noise  arises  from  the  interaction 
of stall-generated  eddies with the  airfoil  trailing  edge. In the  latter  exper- 
iment,  the  delay  time  at  the  cross-correlation  zero-crossing  centered on  the 
peak of the  correlation  region of  the fhnctions  (which  represents  the  time 
required  for  the  disturbance  measured by the  surface  microphone  to  manifest 
itself  as  noise in the  far-field)  decreased  monotonically with increased  chord- 
wise  position. 
As shown in figure 23, significantly  different  behavior was observed in 
the  present  study.  The  figure  shows  typical  auto and cross-correlation  func- 
tions  for  the  far-field  microphone  located  directly  above  the  airfoil (90 deg 
position)  and  the  five  surface  microphones  arrayed in the  chordwise  direction 
at  a  velocity of 120 m/sec. In the  cross-correlations  shown in this  figure, 
positive  delay  time  corresponds to delay of the  surface  microphone  signal with 
respect to the  far-field  microphone  signal.  Both  signals  were  filtered  prior 
to  correlation by a 150 Hz high  pass  filter to eliminate low frequency  noise 
below  the  chamber  cutoff  frequency (200Hz) associated with  the  tunnel fan. 
As shown in detail in reference 11 and  discussed  above,  the  zero-crossing  time 
delay  centered on  the  peak  correlation  region  represents  the  time  between a
surface  pressure  fluctuation  (cause)  and  its  manifestation s far-field noise 
(effect). This results  since  the  far-field  sound is proportional to the  time 
derivative  of  the  lift  as  noted by Clark  and Hbner (reference 5) in the  first 
application of the  lift-far-field  cross-correlation  technique. 
Figure 23 shows  that  cross-correlations  between  the  far-field  position 
and all chordwise  microphones  display  zero  crossing  between 6440 and 6520 
psec which is close to the  calculated  acoustic  propagation  time  from  the  center 
of the  airfoil to the  far-field  microphone of 6475 psec.  This  demonstrated 
that  each of the measured  chordwise  positions was radiating  noise  directly to
the  far-field. Similar experimental  results and this  conclusion  were  reported 
37 
by Fink (reference 4) in incident  turbulence  studies  conducted  with a flat 
plate.  Siddon  (reference 6), in prior  experiments  with a small  disc-shaped 
plate (5.1 cm  dia)  placed in a turbulent  jet  shear  layer,  also  obtained  iden- 
tical  cross-correlation  zero  crossings  for  various surfacemeasurementlocations. 
Determination  of  the  zero-crossing  time  delay  is  subject  tosomeuncertainty 
since  the  plotted  correlation  functions  represent  only  estimates. . Thi obtains * 
since  the  correlator  input  signals  are  random  and  finite  averaging  time  is 
employed.  For  this  reason  it  is  believed  that  no  physical  significance  can  be 
attached  to  the small variations  in  zero  crossing  delay  tine  among  correlations 
conducted  at  various  chordwise  positions. 
In  addition  to  these  time  delay  arguments,  surface-to-far-field 
correlations  can  be  employed  to  obtain  quantitative  information  on  the  chord- 
wise  distribution  of  noise  source  strengths  as  shown  by  Siddon  (reference 6). 
Starting  with  Curle's  solution,  Siddon  shows,  with few assumptions,  that  the 
fraction  of  mean  square  far-field  sound  pressure, 7, associated  with  unit  air- 
foil  surface  area, dA, is  directly  proportional  to  the  slope of the  surface-to- 
far-field  cross-correlation  function  at  the  time  delay  correspondingtoacoustic 
propagation  from  the  airfoil  to  the  far-field  (i.e.,  at  the  zero  crossing). 
In this  expression p and p are  the surfaceandfar-fieldpressures,respectively, 
r is  the  surface  to  par-field  separation  distance  and,  co  is  the  speed of oun . 
This  function  varies  with  surface  position  and  is  indicative  of  the  importance 
of a given  elemental  area  in  contributing  to  the  overall  noise.  Siddon  termed 
this  "surface  dipole  strength"  which  is  somewhat  confusing in that  dipole 
strength in unsteady  lift  theory  is  related  to  the  local  pressure  jump  across 
the  airfoil  and  not  the  combined  effect  of  local  pressure  jump  and  correlation 
area  relevant  to  noise  production. 
Using  this  method,  the  ratio  of  mean  square  sound  pressure  per  unit  area 
at 30 percent, 38 percent, 50 percent  and 70 percent  chord  to  that  at 15 per- 
cent  chord  was  determined  and  is  plotted in figure 24(b)  as a function  of  test 
velocity.  Data  points  with  leaders  indicate  identical  values.  This  figure 
demonstrates  that  the  dominant  source  of  noise  is  the  airfoil  leading  edge 
region,  confirming  expectations  based  only  on  surface  pressure  measurements. 
The  contribution  per  unit  area  increases  rapidly  between 30 p rcent  and 15 
percent  chord  and  would  be  expected  to  increase  further  at  more  forward  loca- 
tions  where  measurements  were  not  available.  The  slopes sham in the  correla- 
tion  function  plots  of  figure 23 do  not  give  the  appearance of following  the 
above  trend.  However,  these  plots were  obtained  with  different  correlator 
input  attenuator  settings  and  with  microphones  of  different  sensitivity, both 
of  which  affect  the  scale  of  the  vertical axis. When  properly  calibrated; 
the  slopes  were  found  to  differ by factors  as  large  as  three. 
figure &(a) is a qualitatively  similar  plot in which  the  ratio  of  root- 
mean-square  surface  pressure  at  various  chordwise  positions  to  that  at 15 
percent  chord  is  also shown to  increase  rapidly  as  the  leading  edge  is 
approached. For  incident  turbulence  noise,  therefore,  unsteady  surface  pres- 
sure  distributions  are  indicative of the  local  noise  source  strength  although 
this  conclusion  does  not  apply  to  phenomena  such  as  airfoil  vortex  shedding 
discrete  frequency  radiation  (reference 10) or stall  generated  noise  (reference 
11). The  above  results  are in agreement with the  prior  findings  of  Siddon 
(reference 6) in experimentation  with a small  disc in a jet  shear  layer.  Both 
the  noise  contribution  per  unit  area  and  unsteady  surface  pressure  were  found 
to  peak  at  the  extreme  upstream  edge  of  the  disk. 
Siddon, in reference 6, proceeds  further  to  develop  means of calculating 
correlation  area  and  spectrum  per  unit  area  from  cross-correlation  information. 
These  require  experimental  determination  of  the  second  derivative  of  far-field 
and  surface  pressure  autocorrelations a d a Fourier  transform  of  the  measured 
correlation  f'unctions,  respectively.  These  f'urther  calculations  were  not  pur- 
sued  here  due  to  the  difficulty of  measuring  these  quantities  with  sufficient 
accuracy. . Siddon  did  carry  out  these  calculations  and  concluded  that  the  cor- 
relation  area  was  fairly  invariant  over  the  surface.  This  is n d agreement 
with the  theoretical  predictions of the  current  study  as  discussed in the  sec- 
tion  entitled,  "Surface  Pressure  Theory". 
The  conclusion  resulting  from  the  correlation  and  surface  pressure 
measurements  reported  here  is  that  the  leading  edge  region  is  the  dominant 
source of airfoil  noise  although an equality  of  zero-crossing  time  delays 
demonstrated  that all chordwise  locations  radiated  directly to the  far-field. 
This  behavior is  significantly  different  from  that  which  obtains in the  case 
of other  isolated  airfoil  noise  mechanisms  such  as  discrete  frequency  vortex 
shedding and stalled flow. 
Cross-Correlation  of  Incident  Turbulence  and  Far-Field  Noise.- To assist 
in understanding  the  incident  turbulence  noise  generation  process, a crossed- 
wire  hot  wire  probe  was  mounted 16.8 cm upstream of the  airfoil  leading  edge. 
The  probe  support  was  normal  to  the  sideplate  on  the  tunnel  centerline  and  the 
sensors  projected  approximately 15 cm  into  the  stream.  The  wake of the  thick 
portion  of  the  support (0.63 cm  dia)  therefore  impinged  on a spanwise  section 
of the  airfoil  of  length  approximately 12 cm (or 23 percent of the  total.  air- 
foil span).  This  wake  impingement  was a potential  source of additional far- 
field  noise. This noise,  however,  would  not  affect  cross-correlations  between 
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the  hot  wire  and  far-field  noise  since  the  hot  wire  sensed  incident  grid 
turbulence  which is  not correlated with  the  probe  support  wake  turbulence. 
Shown in figure 25(a) are  cross-correlations  between  the  vertical  incident 
turbulence  component  and  the 90 deg  far-field  microphone  at an airfoil  angle 
of attack of zero.  Positive  time  delay  corresponds  to  delay of the  hot  wire 
signal  relative  to  that gf the  far-field  signal.  The  normalized  cross- 
correlation  amplitudes, R, (where  hot  wire  and  far-field  zero  time  delay  auto- 
correlation  values  have  been  used in the  normalization)  are  relatively  small, 
but  measureable.  Of  particular  interest  is  the  dependence on time  delay. 
Arrows  indicate  time  delay  values  equal  to  the sum of  the  calculated  convection 
time of turbulence  from  the  hot  wire  to  the  airfoil  leading  edge (-rl = L*/U), 
where L* = 16.8 cm,  and  acoustic  propagation  time  from  the  leading  edge  to  the 
far-field  microphone ( T~ = r/co). Although  this  calculation is approximate, 
first  peaks in the  cross-correlation  functions  are  observed  at  time delaysnear 
these  values.  The  arrows  and  first  data  peaks  shift to he  left  with  increas- 
ing  velocity.corresponding to decreased  convection  time. This establishes 
cause  and  effect  relative  to  the  vertical  turbulence  component. 
In figure 25(b), the  axial  component is observed to have no measzable 
correlation  at  zero  deg  angle of attack  (the  indicated  correlation f R = 0.02 
at the  time  delay of 11,000 psec  represents  measurement  uncertainty  as indi- 
cated  by  the  random  excursions of the  other  functions  about  zero  amplitude). 
Such  behavior  would  be  anticipated  since  the  axial  component  does  not  contri- 
bute to  lift  and  is  uncorrelated with respect to the  vertical  component.  At 
angle of attack,  however,  the  axial  component  does  contribute to lift  and 
measurable  correlation is observed in the  second  curve of figure 25(b). While 
the  normalized  cross-correlation  amplitudes  are  not of direct  use,  the  time 
delay  behavior of the  functions  observed  in  these  correlation  experiments  is 
in agreement  with  expected  trends. 
Cross-Correlation of Incident  Turbulence  and  Airfoil  Surface  Pressures.- 
The  hot  wire  probe  discussed  above was also  employed in cross-correlation 
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measurements  with  the  chordwise  array of surface  microphones.  The  hot  wire 
sensed  the  vertical  turbulence  component  and  the  airfoil  angle of attack was 
zero.  The  sensor was offset  in  span by a distance of 1.3 cm  relative to the 
array  to  eliminate  hot  wire  probe or probe  support  wake  impingement  onto  the 
surface  microphones. 
Shown in figure 26(a) are  hot  wire  cross-correlations with  the 15 percent 
chord  microphone  as  a  function of tunnel  speed.  The  peak  correlation  is 
observed  to  occur  near  the  time  delay, -rl, (shown  by  arrows)  corresponding  to 
the  approximate  convection  time of turbulence  from  the  hot  wire  to  the  airfoil 
leading  edge.  This  is  the  expected  result. Comparisonofthecorrelationcurves 
at avelocity  of 40 rn/sec for a15 percent  chord  location  (figure 26(a)) and 50 and 70 
40 
percent chord locations (figure 26(b)), shows t h a t  t h e  l i f t  response t o  t h e  
incident turbulence was sensed at the various chordwise positions a t  approxi- 
mately the  same time. In theory,  the lift adjustment OCCUTS at a greater t ime 
delay at aft locations corresponding to the propagation t ime of a wave from the  
a i r fo i l  l ead ing  edge t rave l ing  at the speed of sound i n   t h e  moving stream. This 
propagation time was  too  small t o  be resolved i n   t h e  measurements. 
Angle of Attack Effects 
Increase of airfoil  geometric angle of attack from 0 t o  8 deg was found 
t o  cause a small increase  in  fa r - f ie ld  noise  90 deg data a t  some frequencies 
(1 or 2 dB) and a somewhat la rger  increase  in  sur face  pressure  leve l .  Due t o  
open j e t  wind tunnel  aerodynamic corrections the effective angle of a t t ack  
corresponding t o  8 deg was approximately 6 deg. Although a previous limited 
study  conducted  by  Paterson and Hanson (reference 38) with  a10 cm chord a i r f o i l  had 
shown similar s m a l l  angle of a t t ack   e f f ec t s  on far-f ie ld   noise   a t  90 deg, increases 
on the order of 3 t o  4 d B  were observed a t  130 deg. In  the present  study, 
angle  of  a t tack effects  were within 2 dB at  a l l  tes t  ve loc i t i e s  and a l l  angles 
between 70 and 130 deg. The reason for  this  difference i s  unknown. The pres- 
ent study indicates that  angle of attack i s  of secondary importance. Dean 
(reference 9 )  and Clark (reference 39) also reported l i t t l e  or no dependenceon 
angle of attack. Although a rigorous theoretical  treatment of the angle of 
a t t ack  problem i s  not presently available, the theoretical  considerations dis- 
cussed below suggest  that  angle  of  a t tack effects  on noise and surfacepressures 
should be r e l a t i v e l y  small f o r  a s ing le  a i r fo i l .  
The noise  pred ic t ion  d iscussed  previous ly  in  th i s  repor t  was based on 
a i r f o i l  response functions which assume linearized flow. In this approximation, 
a i r fo i l  ang le  o f  a t t ack  has no e f f ec t  on noise generation. Since linearized 
theory would be expected t o  provide reasonable results for small angle of 
a t t ack ,   t he   e f f ec t  on noise generation when t h e   a i r f o i l  i s  uns ta l led  would a l so  
be expected t o  be s m a l l .  Accurate determination of the effect of angle of 
attack could be made i f  the  a i r fo i l  r e sponse  to  a gust were known. A t  present,  
however, there  i s  no theory which adequate ly  accounts  for  the  e f fec ts  of  f in i te  
angle of attack on the unsteady response of an airfoil in compressible flaw. 
For incompressible flow, however, the theory of Horlock (reference 40) can 
be appl ied  to  g ive  some indica t ion  of  the  e f fec t  o f  f in i te  angle  of  a t tack .  
Because it assumes incompressible flaw, th i s  t heo ry  i s  not applicable when the  
acoustic wavelength becomes comparable t o  t h e  chord. Also, s ince this theory 
ignores  the  d is tor t ing  e f fec ts  of  the  flow on the turbulence, it could become 
inaccurate  for  gusts of small scale.  Horlock's result  shows t h a t  f o r  incompres- 
sible flow, a f ini te  s teady angle  of  a t tack couples  with a horizontal  gust t o  
g i v e   a f l u c t u a t i n g l i f t .  Thus, f o r t h e p a r a l l e l g u s t  problem, i n a d d i t i o n t o t h e S e a r s  
lift 
LS = 2 q b  U w,S(ix) eiWt 
f o r  $he v e r t i c a l  gust, there  i s  in  add i t ion  a lift 
due t o  a horizontal  gust ,  where 
The t o t a l  lift due t o  both u and w gusts i s  found by taking the sum of 
equations (24) and (25). Since the u and w gust components a r e  s t a t i s t i c a l l y  
independent and equal for isotropic turbulence, the mean square l i f t  required 
by equation (7) i s  given by 
The f'unction, T, i s  of the order of 3s SO t h a t  
Thus, even f o r  an angle of attack of 10 deg (- 1/6 radian) ,  the Horlock 
contribution i s  expected to  increase the noise  over  that  predicted by Sears 
theory by o n l y  a fac tor  of 1.25, or approximately 1 dB. 
The above c a l c u l a t i o n  i n d i c a t e s  l i t t l e  e f f e c t  of angle of attack on noise 
or surface pressure due to incident turbulence.  Before this conclusion can  be 
drawn conclusively, f'urther work i s  needed i n  determining the unsteady response 
of an a i r f o i l  at angle of a t t a c k  t o  a gust i n  compressible flow. The data, 
hawever, tend to support  the conclusion that angle of attack effects are small 
for  the case of an i s o l a t e d a i r f o i l .  
Frediction of Far-Field Noise from Surface Pressure Measurements 
In previous sections, good agreement with experiment has been shown i n  
predict ing both far-f ie ld  noise  and sur face  pressure  s ta t i s t ics  from measured 
incfdent turbulence properties. Since prediction of  fa r - f ie ld  noise  from sur- 
face  pressure  s ta t i s t ics  can be considered an intermediate stepinthe far-field 
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calculation  (the  mathematical  formulation  can  be  separated  into  two  distinct 
steps  of: (1) turbulence to surface  prediction  and (2) surface to far-field 
prediction),  prediction of far-field  noise  from  surface  pressure  statistics 
can be  considered  as  accomplished.  Of  interest  here,  however, is the  approach 
that  must  be  taken if incident  turbulence  statistics  are unknown. In this 
case,  limited  surface  pressure  data  must  be  used in conjunction  with a number 
of assmptions to  derive  far-field  results.  The  following  discussion  explores 
this  approach  giving an indication of the  assumptions  required  as well as 
guidance in the  selection  of  surface  pressure  transducer  locations  most  useful 
for such  surface-to-far-field  prediction.  For a rigorous  calculation,  measure- 
ment of cross-power  spectral  density  between any two  points  on  the  airfoil  sur- 
face  is  required. This,  of course, is  experimentally  impractical. 
The  use  of  surface  pressure  measurements  to  predict fa-field noise  is 
actually  more  difficult  than  prediction  based  on  turbulence  characteristics 
and  the  airfoil  response  function.  There  are two main  reasons  for  this. 
First,  it  is  easier  to  measure  the  required  fluctuating  velocity  statistics  in 
a flaw than  the  required  surface  pressure  statistics.  Hot wiresusedforveloc- 
ity  measurements  can  be  placed  wherever  desired.  Once  surface  microphones  are 
fixed in the  airfoil  surface,  however,  it  is  difficult  to  move  them  elsewhere. 
Since  the  number  of  surface  transducers  is  always  limited  to  some  extent, 
careful  selection of transducer  locations  in  advance  of  the  test  is  required. 
The  second  difficulty  is  that  many  more  measurements  are  needed  to  characterize 
the  unsteady  'surface  pressure  properties  adequately  than  are  needed  to  charac- 
terize  the  incident  turbulent  velocity  field. For velocity  fluctuations,  all 
that  is  needed  in a far-field  spectrum  prediction  are  the  turbulence  intensity, 
length  scale  and  the  spanwise  cross-correlation  of  the  normal  component  of 
velocity  as a f'unction of  frequency  (spanwise  cross-ED). For the  surface 
pressure  method  to  be  accurate,  one  needs  cross-correlations  as a function  of 
frequency in both  the  spanwise and chordwise  directions.  The  correlation 
lengths  defined  by  spanwise  and  chordwise  cross-correlations  are a function  of 
the  chordwise  position on the  airfoil,  as  noted  previously.  The  following 
gives an approximate  procedure  for  calculating  far-field  noise  from  limited 
surface  pressure  information. 
Since  the  loading is  peaked  near  the  leading  edge  as  shown in figures 
16(b)  and 20, it  would  be  expected  that  the  leading  edge  region  is  the  most 
important in producing  noise.  Because of  this, a strip  theory  approximation 
will be  used  to  calculate  the  loading  from  the  surface  pressure  measurements. 
That  is,  the  correlated  area will be  assumed  to  be a strip of spanwise  width 
(w,-b)  (where l, (w,-b) is evaluated  at  the  leading  edge)  extending  over 
t  e entire  chord.  &cause  of  the  variation in spanwise  correlation  length 
shown in figure 16(a), which is being  neglected  here,  this  should  give an 
underestimation  of  the  far-field  noise.  However,  the  increase in correlation 
length, I, with  chord  is  counterbalanced  somewhat by the  decrease in 
-2 
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chordwise correlation with the leading edge as one moves toward the t ra i l ing 
edge as shown i n  f i g u r e  18. As can be shown from f igure 16(b) ,  the chordwise 
d i s t r ibu t ion  of the loading at that  par t icular  f requency and Mach number is  
reasonably well approximated by the loading for incompressible flow, 
d(l-Y)/(l+Z). As found by s e t t i n g  x = MO and y = 0 in  equat ion (13) of 
reference 20, t he  r e l a t ion  between surface loading and fa r - f ie ld  pressure  for 
an observer overhead of the retarded posi t ion of  the air foi l  (or an observer 
overhead of the a i r f o i l   i n  an acoustic tunnel) i s  
(A fac tor  of 4 was introduced since S i s  the square of the surface pressure 
rather than the pressure jump used in reference 20.)  Making the assumption gel 
and using the integral  
gives  for  an observer overhead of the airfoil  in an  acoustic tunnel 
If the measurements made by the 30 percent microphone m e  used t o  determine the 
loading amplitude, (O,w), equation  (30)  gives 
sqq 
Thus, equation (32) becomes 
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For M = 0.488 and f = 400 Hz, the 30 percent  chord  surface  and 90 deg  far-field 
pressure  levels  were  found  to  be  respectively 111 dB  and 80 dB. Equation (34) 
then  gives  the  value 4 ' (w,-b)/c = 0.23 which  is  comparable to the  value of 
0.18 shown in figure l%(a) at X/. = 0. This  means  that  knowledge  of  the 30 
percent  chord  surface  pressure  level of 111 dB  in conjunction  with a theoret- 
ical calculation of $ would  predict  a  far-field  level  of 81 dB  which  is close 
to  the  measured 80 dB. 
It  should  be  emphasized  that  equation (34) is  not a general  equation  but 
is  limited  to  the  lower  frequencies  since  the  incompressible  loading  distribu- 
tion was used.  Even at  these  lower  frequencies  the  result  contains  several 
approximations  not  necessary  for  the  result  which  uses  the  turbulence  param- 
eters  as  input.  The  close  agreement in the  above  sample  calculation  cannot, 
therefore,  be  considered  an  indication  of  the  accuracy  of  this  approach  in 
general. 
The  above  calculation  employed  measured  surface  pressure E D  at 30 percent 
chord  but  a  theoretical  calculation  of  correlation  length.  The  following  con- 
siders  the  problem of  far-field  noise  prediction  based  solely  upon  measured 
surface  statistics.  In  this  approach  the  measured 15 percent  chord - 30 per- 
cent  chord  spanwise  cross-spectrum  measurements  shown in figure 22 are  employed 
to  derive a spanwise  correlation  length.  This  length is taken  equal to the 
spanwise  separation  at  which  the  cross-spectrum  magnitude  falls  to l/e of its 
zero  spanwise  separation  value (-4.3 dB). This  length  and  the  measured 30
percent  chord FSD is  then  substituted  into  equation (34) to  predict  the  far- 
field FSD at 90 deg, Spp. 
The  results of this  calculational  procedure  are  compared  to  measured  Spp 
values in Table 11. The  agreement in m y  cases is poor,  as  would  be  expected, 
based  on  the  number of approximations  involved.  Accurate  determination of 
from  figure 22 would  require  about  twice  as  many  spanwise  measurements. Also, 
the  use  of  the 30 percent  chord - 15 percent  chord  spanwise  correlation  length 
in equation (34) is  arbitrary in that  theory  shows  that  the  spanwise  correla- 
tion  length  is  a  strong  function  of  chordwise  position  (e.g.,  figure 16(a)). 
In addition,  equation (34) assumes an incompressible  chordwise  loading  distri- 
bution.  Several  estimates in Table I1 were  reasonably  close  to  measured 
values,  particularly  at  the  lower  frequencies  where  compressibility  effects 
are  smaller. This method  can  therefore  be  employed  for  order  of  magnitude 
estimates. m e  procedure,  however,  is  not  rigorous  and  additional  assumptions 
would  be  required  to  obtain  directivity  estimates. 
Eased on the  above  considerations  several  recommendations  can  be  given 
relative  to  f'uture  use of this  surface  pressure  statistics  approach. For the 
incident  turbulence  problem,  transducer  locations  near  the  leading  edge  are 
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most  important. A spanwise  array  (or  slider  capable of traverse in span) is 
required  to  define  the  leading  edge  spanwise  cross-PSD.  For  incident  isotropic 
turbulence,  guidance in the  selection of transducer  spacing  and  maximum  separ- 
ation  distance is offered  by  equation (22) for + ( w )  since  the  surface  pres- 
sure  correlation  length, A' has  been  shown  to  be  the  same  order of magnitude. 
Knowledge  of  the  longitudinal  turbulence  scale in equation (22) permits  esti- 
mation of +(w). Having  determined  this  length,  transducers  should  be  spaced ' 
over a maximum  distance of several R ( w )  with a transducer  spacing  that  pro- 
vides  sufficient  resolution  to  permix  integration of the  cross-PSD  curve  to 
determine %(w). 
Y' 
A limitation  to  this  approach  is  that  knowledge  of  the  turbulence 
longitudinal  scale, hf is  required. If such  detailed  turbulence  information 
were  available  there  would  be  no  need  for  surface  measurements  since  direct 
prediction  of  far-field  and  surface  pressures  could  be  performed by the  method 
described in this  report. A second  limitation  is  that  the  turbulence may not 
be  isotropic in which  case  equation (22) cannot  be  applied  to  estimate 
The  above  comments  have  been  concerned with  the  incident  turbulence  problem. 
For  other  sources  such  as  stalled  flow  (reference 11), discrete  vortex  shedding 
(reference 10) or the  turbulent  boundary  layer,  transducer  locations  at  the 
trailing  edge  rather  than  the  leading  edge  would  be  required.  The  above  con- 
siderations  indicate  the  complications  inherent in the  surface  pressure  trans- 
ducer  approach  to  far-field  noise  estimation in the  general  case  where  multiple 
noise  generation  processes  associated  with  unsteady  loading  occur  concurrently. 
Y' 
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CONCLUSIONS 
1. Incident  turbulence i s  an  important a i r f o i l  broadband  noise mechanism. 
For t h e  approximate 4 percent turbulence intensity and 15 percent chordlength 
scale investigated experimentally, incident turbulence noise was an order of 
magnitude higher i n  amplitude than that associated with the other isolated 
a i r f o i l  f'ull-scale Reynolds number noise mechanisms o,f the  turbulen t  boundary 
layer and s t a l l e d  a i r f o i l  flow. Its relative importance in  fu l l - sca le  appl i -  
cations would depend upon the  in tens i ty  and scale of the incident turbulence 
f low  f ie ld .  
2. A theory capable of absolute  level  predict ion of  a i r foi l  far-f ie ld  noise  
spec t ra ,  d i rec t iv i ty  charac te r i s t ics ,  sur face  pressure  spec t ra  and surface 
cross-spectra from incident turbulence properties, without use of empirical 
or adjustable constants, has been validated by experimental data. Knowledge. 
of t he  spanwise cross-spectrum of the turbulence velocity component normal t o  
t h e  a i r f o i l  is  necessary for accurate prediction. 
3. The a i r f o i l  chordwise unsteady surface pressure distribution in incident 
turbulence i s  s t rongly peaked  toward the leading edge. While all chordwise 
pos i t i ons  r ad ia t e  d i r ec t ly  to  the  far f ie ld ,  the  lead ing  edge region i s  the  
dominant source of noise. 
4. The e f f ec t  of angle of attack on turbulence induced far-field noise and 
a i r fo i l  sur face  pressures  i s  s m a l l  but  measurable. Improvement of  unsteady 
a i r f o i l  response theory would be required i f  accurate  predict ion of  this  
small effect were desired.  
5 .  Inclusion of compressibil i ty and source  noncompactness e f f ec t s  i n  the  
theoretical formulation i s  necessary to obtain accurate amplitude and direc- 
t i v i ty  p red ic t ions .  F in i t e  a i r fo i l  t h i ckness  e f f ec t s  are important at high 
frequency and low veloci ty .  
6. An existing open-jet wind tunnel shear layer refraction correction pro- 
cedure appears t o  accu ra t e ly  account fo r  r e f r ac t ion  e f f ec t s  on sound propaga- 
t ion.  
7. Direct predict ion of far-f ie ld  noise  from inflow turbulence properties can 
be carried out with less uncertainty than prediction based on measurement of 
a i r fo i l  sur face  pressure  proper t ies .  Direct predict ion i s  also more desir-  
able since it cons t i tu tes  a complete  ra ther  than par t ia l  solut ion to  the 
problem of noise prediction. 
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APPENDIX A 
Discussion of Previous Investigations 
.Experimental Studies.  - Sharland i n  1964 (reference 3) measured the  noise of 
a small i so la ted  f l a t  p l a t e  (2.5 cm chord by 6.4 cm span) placed at various 
ax ia l  pos i t i ons  in  a very small (2.5 cm dia) nozzle exhaust. Measurements 
at 8 diameters downstream i n  t h e  f u l l y  t u r b u l e n t  j e t  were about 15 dB higher 
than  those at one diameter where the  turbulence was confined t o   t h e  mixing  region 
outside  the  jet  potential  core,  thus  demonstrating  the  importance  of  incident 
turbulence  as a noise mechanism. Arelatively  simple  noise  calculationprocedure 
employing the  concept of  unsteady  surface  pressure  correlation  area  (not measured 
i n   t h e  xperiment) and containing anumber of assumptions  provided good agreement 
with experimental .data. Incident turbulence properties were not measured. 
Based  on the uncertaint ies  involved in  the calculat ion,  agreement between 
experiment and theorymust  beviewed  with  reserve.  Potter  in 1968 (reference 4 1  ) 
measured the sound power of a ser ies  of  5.08 cm chord, 15.2 cm span blades 
immersed i n   t h e   f u l l y  developed region of a j e t  as a function of velocity.  
Overall power l eve l s  were predicted within 3 t o  5 dB using Sharland's formula- 
t ion.   This agreement,  again,  should  be viewed with  reserve.   Incident  tur-  
bulence properties were not measured in  Po t t e r ' s  i nves t iga t ion .  C la rk  in  
1969 (reference 39 ) measured the  noise   spectra  of a2.54 cm chord c i rcu lar   a rc  
a i r fo i l  i n  va r ious  ax ia l  pos i t i ons  of a turbulent j e t .  The a i r f o i l  was 
supported by tubes althoughit i s  unclear whether these contributed to noise 
measured i n  t h e  experiment. The v e r t i c a l  component of turbulence incident 
on t h e  a i r f o i l  was measured, as wel l  as  au tocorre la t ions  in  an attempt t o  
categorize the turbulence length scale. A d ipole  fa r - f ie ld  rad ia t ion  pa t te rn  
was observed. A r e l a t ive ly  simple theory that neglected turbulence length 
scale  was applied to  pred ic t  fa r - f ie ld  noise  spec t ra .  The agreement with data 
was within 5 dB. L i t t l e  dependence  of noise on a i r fo i l  ang le  of attack was 
found . 
Dean i n  1971 (reference 9) improved onprevious  experiments  by  measuring  the 
unsteady surface pressure at one loca t ion  as well as the spectrum of the 
v e r t i c a l  component of incident turbulence. An approximate ax ia l  cor re la t ion  
length was calculated from the spectra .  Again a f ree  je t  conf igura t ion  was 
employed wi th  a i r fo i l s  of 3.8 cm chord and 7.6 cm span extending through the 
j e t  shea r  l aye r .  A turbulence generator was used t o  produce a turbulence 
in t ens i ty  of approximately 8 percent. Fax-field measurements were obtained 
at 90 deg r e l a t i v e  t o  t h e  upstream direction. Unsteady pressures on each 
surface of t h e   a i r f o i l  were found t o  be 180 deg out of phase and far-f ie ld  
noise independent of angle of attack. Approximate  methods  were applied t o  
permit back-calculation of airfoil  surface pressure correlation lengths.  
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Some uncertainty existed due to  the extension of  the air foi l  through the j e t  
shear layer where i n t e n s i t i e s  on the order of 15 percent were measured. 
In reference 22, Goldstein reported previously unpublished data of Olsen 
giving the overall  noise of a 2.8 cm chord strut as a function of directivity 
angle. The strut was loca ted  in  the  turbulen t  mixing region of a round je t .  
Incident turbulence properties were not measured. Theoretical  prediction of 
overal l  noise  level  showed  good agreement with experimental data although 
certain  assumptions,  discussed  below, were  employed. A more recent 
study by Olsen i s  reported in reference 42. In reference 43, an approximate 
d ipole  rad ia t ion  pa t te rn  was reported for an a i r fo i l  in  inc ident  tu rbulence .  
There were several  important l imitations to these previous studies.  
First ,  t he  mean ve loc i ty  and incident turbulence properties varied in the 
spanwise direct ion requir ing a degree of arbitrariness in assigning a s ingle  
spanwise average value for the purpose of calculat ion.  In  these s tudies  the 
incident turbulence properties were either not measured.or their documentation 
was incomplete. For example, power spec t ra l  dens i ty  or axial length scale 
were not measured. In no case was the spanwise cross-power spectral density 
of the normal turbulence component measured. The extent of  spanwise correla-  
t i o n  i s  d i rec t ly  re la ted  to  the  fa r - f ie ld  noise  in tens i ty  as shown i n   t h i s  
study . 
Fink's recent study (reference 4) removed all of these experimental 
l imitations with the exception that the spanwise cross-spectrum of the inci- 
dent turbulence was not determined. Fink measured the noise  of a 46 cm 
chord, 53 cm span flat  plate in the presence of grid generated turbulence.  
Sideplates were employed as in  the present  s tudy.  In a d d i t i o n  t o  f a r - f i e l d  
and surface pressure measurements, surface- to-far  f ie ld  cross-correlat ions 
were performed producing r e s u l t s  similar to  those  observed  inthe  present  study. 
Theoretical  Studies.  - There have been several  previous studies which 
have considered the problem of the response of an a i r fo i l  t o  t u rbu lence .  
Earlier papers dealt  mainly with the problem of a i r f o i l  l i f t  response and 
only recently has the problem of noise generation been attacked although the 
two problems are closely related.  
One of  t he  ea r l i e s t  pape r s  was t h a t  of Liepmann (reference 21). This 
paper  la id  much of the base for the treatment of a i r fo i l - tu rbulence  in te r -  
action problems. It was concerned with calculation of the mean square l i f t  
and based on the concept of indicial admittance functions. The i n d i c i a l  
admittance i s  the response of an a i r f o i l   t o  a very narrow (in the spanwise 
direction) impulsive gust impinging on t h e  a i r f o i l .  
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The study of Diederich (reference 44) followed along the same l i n e s  as 
tha t  of  Liepmann. Ribner (reference 45) s tudied the problem using a spec t ra l  
approach i n  which t h e   a i r f o i l  response to gusts  varying s inusoidal ly  in  the 
chordwise, x, and spanwise,  y,.dimensions was considered.  This  approach i s  
c lose ly  re la ted  to  the  ind ic ia l  admi t tance  method by Fourier transformations 
i n  t h e  spanwise and time dimensions. 
Because these ear l ier  papers  were concerned with a i r f o i l  l i f t  response 
rather than the noise generation problem, they were l imi t ed  in  the  ex ten t  t o  
which they could be used to  ca lcu la te  noise  genera t ion .  When the frequency 
of i n t e r e s t  i s  such that the acoustic wavelength is comparable t o  or less  than 
the  a i r fo i l  span ,  noncompactness e f f ec t s  i n  the  spanwise dimension preclude 
represent ing the sound by a compact dipole  of  s t rength equal  to  the lift for  
an observer not i n  t h e  y = 0 plane. When the acoustic wavelength i s  comparable 
t o  or less  thanthe  chord,  the  observer must be   d i rec t ly  above the  re tarded air- 
f o i l  p o s i t i o n  (or nearly so)  fo r  t he  compact dipole  representat ion to  be used. 
Some of the more recent treatments of the problem are discussed below. 
References 19 and 46 are  concerned with calculat ion.of  the air foi l  lift 
response for which t h e   a i r f o i l  response f’unction i n  incompressible flow are 
used, thus limiting the frequency range that can be considered. References 
9 and 47 consider  far-f ie ld  sound generation, but again are limited t o  low 
frequency by the use of an airfoil response function for incompressible flow. 
The study by Fink (reference 4 )  does not have the  low frequency limitation 
but is  somewhat empirical compared t o  t h e  approach used here. Kaji (reference 
48), although not directly concerned with the problem of an a i r f o i l   i n   t u r -  
bulent f low, does treat  the problem of the acoust ic  radiat ion produced by the  
a i r f o i l  response t o  a discrete  gust ,  including noncompactness e f fec ts .  
Goldstein (reference 22) der ives  resu l t s  which are similar i n  many respects 
t o  t h o s e  used here. However, by assuming compactness i n  t h e  chordwise direc- 
t i on  and using response fhctions for incompressible flow, that approach i s  
l imited to acoustic wavelengths which are s igni f icant ly  grea te r  than  a chord. 
. 
Cross-PSD Determination 
The two-sided cross-PSD, SXlx2(u) , of ttro signals xl and x2 i s  the  
Fourier transform of the cross-correlation function, Rx x (7) 
1 2  
which can be determined by the instrumentation arrangement shown schematically 
i n  f igure 27. As discussed i n  reference 12, t h e  f i l t e r  output  in  f igure  27 
i s  given by 
+Q) 
vhe r e h(7) i s  t h e   f i l t e r  impulse response related t 
function, H(uJ), by 
(B2 1 
o the f i l ter  t r ans fe r  
The correlator output Z ( T )  is then given by 
+a3 +OD 
+a3 +Q) +a3 
d < 0 h 2 ( E 0 ) ~  H I(w)eiwqo RXIX2(770"  &o+ T) dw (B4 1 
-Q) +a3 
'/ IH(w)l e Sx,x2 ( W d w  
-a3 
* iwr 
on the  assumption t h a t  t h e  f i l t e r s  a r e  matched ( i . e . ,  H1(w) = H2(u)). The 
f i l t e r  bandwidth i s  defined as B =zgy d w  IH(u) I*. IT Sx x (w)  is a 
slor.rly varying function such that it-"can be assumed constan& gver the narrow 
bandwidth, B, the  correlator  output  for  a f i l t e r  cen ter  f requency  of wo - is  
(since s i s  an even function) 
where C and Q are the co and quail-spectrum, respect ively,  re la ted to  S by 
th& $e& 8alue of the correlator  $o$, z(T), divided by 2B. 
s* x - z.The magnitude of S, at frequency w0 i s  therefore given by 
In prac t ice  the  x1 and signal  autocorrelations were obtained at each 
condition, in which case (for signal xl) 
Evaluation at 7 = 0 and the assumptio3 of slo-irly varying functions yields the 
power spectral  density,  S XlXl 
Z(0)  W 2BSxlx,(wo) (B7 
and similarly for sX2%. The physically realizable one-sided c~oss-PSD, 
klX2, or E D ' S ,  G~~~~ and Gx2x2, are r e l a t e d   t o  the two-sided f'mctions 
(reference 12) by G = 2s. 
By dividing the peak correlator output o5tained during cross-correlation 
by the product of the square roots of the autocorrelation zero time delay 
amplitudes, a normalized cross-PSD magnitude i s  obtained 
This i s  the square root of the coherence function. Rather than operating 
the correlator  with cal ibrated inputs ,  the above f'unction was obtained at 
each conditioa with input gains and attenuations set the same for the cross- 
correlat ion and two autocorrelation measurements. Having determined t h i s  
function, the absolute cross-PSD magnitude was recovered by employlng the  
PSD's at the relevant frequency obtained from spectral  analysis.  The phase 
of the cross-PSD was given by the paase shift  of the sinusoidal cross- 
correlat ion fhnct ion relat ive to the autocorrelation functions which peak at  
7 = 0. 
In conducting fi l tered cross-correlations,  band-pass fi l ters were 
operated i n   t h e  maximally f la t  or Butterworth mode with both high and low 
p a s s  f i l t e r s  tuned t o  t h e  same frequency. Figure 27 shows the  magnitude of 
the t ransfer  funct ion for  this  condi t ion in  which an inser t ion  l o s s  of 6 dB 
occurred at the tuned frequency and the  -3 dB cutoff frequencies occurred at 
0.8 and 1.25 times  the  center  frequency, w The inser t ion  loss canceled 
out i n  t h e  measurement of cross-PSD since It also occurred in the PSD 
measurements which were used t o  normalize the cross-PSD function. 
9' 
The f i l t e r s  were purchased as matched f i l t e r s  and the equal i ty  of t h e i r  
transfer m c t i o n s  experimentally verified.  Since the fi l ters had f i n i t e  
bandwidth, the measured cross-spectra  represented  estimates. The f i l t e r  
ro l l -o f f ,  however, was relat ively sharp as shown i n  f igure  27. For the broad- 
band, slowly varying spectra considered i n  t h i s  s tudy ,  t he  f i l t e r  bandwidth 
charac te r i s t ics  were su f f i c i en t ly  narrow. 
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APPENDIX c 
Hot Wire Measurements 
Neglecting terms of order turbulence component velocity squared, the 
e f fec t ive  ve loc i ty  inc ident  on a hot wire aligned at -f45 deg t o   t h e  mean 
veloci ty ,  U, i s  (reference 14 )  
For a l inear ized hot  wire system (such as t h a t  employed here)  in  which the  
proportionali ty constant between voltage and veloci ty ,  C, i s  the  same f o r  
both wires of a crossed-wire probe, axial (u)  and v e r t i c a l  (w)  turbulence 
components are given by 
u = 0.707 C (e,+ e,) 
W =  0.707 c ( e,- e,) 
where eAand e a re  the  A.C. voltages of sensors A and B aligned a t  +45 and 
-45 deg t o  t h e  f r e e  stream, respectively. A sum and difference network was 
employed t o  determine u and w according t o  equation(C2). Probe s e n s i t i v i t y  
could be set  with an anemometer span  adjustment.  Although the  recommended 
procedure i s  to  a l ign both wires  perpendicular  to  the 'mean flow sequentially 
(reference 49) and ad jus t  to  equal  sens i t iv i ty ,  the  wake of the outer wire 
probe support convects onto the inner wire when the outer wire i s  horizontal  
causing s ignif icant  error  in  not  only the inner  wire  A.C. response but also 
in  the  D.C. response that  const i tutes  the wire  cal ibrat ion.  In  this  s tudy,  
hot wire D.C. voltages were set  equal  with the probes in  their  incl ined 
position producing zero D.C. voltage when passed through the differencing 
network. In t h i s  pos i t i on  the re  was no  wake interference.  
B 
Axial component data were acquired with a single wire probe oriented 
normal t o  t h e  stream. Vertical component magnitudes were determined from 
these data i n  conjunction with the relative u and w component magnitudes 
obtained i n  crossed-wire measurements. 
A recurring experimental problem was the occurrance of spikes  in  the 
high frequency portion (f > 5000  Hz) of the spectra of some hot wires. These 
affected,  and i n  many cases dominated, overall rms leve ls .  The cause was 
found t o  be vibration of the two supports that hold the hot wire in tension. 
These vibrat ions were suppressed by packing clay into the junction between 
the supports and the  body of the probe. The importance of carefully 
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monitoring the output spectra of hot wire probes during use i s  evident. 
This problem and the  method of solution were previously noted by Clark 
(reference 39). 
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APPENDIX D 
Derivation of the von K&&n Turbulence Functions 
Referring to  the  cao rd ina te  geometry of the sketch below, calculat ion of 
the cross-spectrum (cross power spec t ra l  dens i ty)  of t h e  v e r t i c a l  component 
of turbulence, w, in the  spanwise ( lateral)  d i rec t ion ,  Rw(Q,y),  i s  required. 
z (ve r t i ca l )  
component w 
y (lateral=spanwise) 
component u 
This i s  a funct ion of  axial  wavenumber, &, and spanwise separation distance 
y (here y = 0 is  taken as one spanwise position so t h a t  y equals the spanwise 
separation distance of the two points considered in the cross-spectrum). 
From equation (3-64) of Hinze(reference 14), the  general  expression for  the 
energy-spectrum tensor yields for the three wavenumber spectrum of t h e   v e r t i -  
ca l   ve loc i ty  component 
Adopting the empirical von K&rm&n interpolation formula equation (3-130) of 
reference 14, the three-dimensional energy spectrum function of the  turbu-  
lence,   E(k),  i s  
where ke i s  t h e  wavenumber range of energy-containing eddies. Integration of 
equation ( D l )  over wavenumber kz then yields  the two  wavenumber spectrum of 
the   ve r t i ca l   ve loc i ty  component 
where k = - . This i s  t h e  spectrum function employed in  the  theo ry  fo r  far- 
f i e ld  no i se  and unsteady surface pressure prediction. To assess t h e  v a l i d i t y  
of t he  von K&m& turbulence model i n   t h i s   app l i ca t ion ,   de r iva t ion  of t he  PSD 
and cross-PSD of t h e  v e r t i c a l  component i s  also required.  The PSD of t h e  w 
component (one wavenumber spectrum) i s  found by integration of equation ( D 3 )  
over wavenumber % yielding 
~k 
ke 
The spanwise cross-spectrum of w i s  given by the Fourier transform of equation 
I 
-a) 
The normalized  spanwise  cross-spectrum, is  given  by 
N 
This cross-spectrum was previously quoted by Jackson, e t  a l ,  reference 19 and 
Amiet reference 20. 
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APPENDIX E 
Approximate Expressions for Far-Field Noise 
This appendix provides approximate expressions for incident turbulence 
far-field noise based on the  full theo re t i ca l  development given in  the text. 
These expressions,  while not exact,  facil i tate engineering calculations.  
Noise levels a re  g iven  in  terms of third-octave bandwidth Sound Pressure 
Level ( s P L ~ / ~ ) .  
The expressions apply to a d i rec t iv i ty  angle  of  90 deg r e l a t i v e  t o  t h e  
retarded source position. For a wing i n  r e c t i l i n e a r  motion, the retarded 
source position is  a distance af t  of the present (visual) wing position given 
by the product of wing t ranslat ion speed and acoustic propagation time from 
the retarded source posit ion to the observer.  The predicted spectrum applies 
t o  an observer moving wi th  the  wing t r ans l a t ion  speed. For a s ta t ionary 
observer, a Doppler correction is required. 
The solutions can be appl ied direct ly  to  es t imate  on-axis  far-f ie ld  
noise fromaspanwise segment of  a  ro tor  s ince  in  tha t  s i tua t ion theobserver  
is  always d i r e c t l y  above the retarded source posi t ion and there  i s  no Doppler 
correction. As discussed more fu l ly  in  re ference  (20) ,  the solut ions also 
apply direct ly  to  the noise  produced by a s t a t iona ry  a i r fo i l  i n  t he  open- j e t  
of an acoustic wind tunnel as measured by a stationary'observer outside the 
open-jet shear layer and d i r e c t l y  above t h e   a i r f o i l  (& = 90 deg) . 
Two approximate expressions are given; one for high frequency and one 
f o r  low frequency. The parameter 
frequency expression applies i s  p 
For p < n, the following low 4 
which determines whether the low o r  high 
= EXb/p2.  
frequency solution applies:  
where S i s  the Sears function (a function of EdB ) which can be approximated 
by: 
2 
I 
The  above  results  follow  from  equations ( 7 ) ,  (I") and (12) noting  also 
that  Spp  in  equation (7) must be multiplied  by 4~ (0.232)f to  convert  from 
a  one-sided  FSD(Spp)  to  third-octave  bandwidth SPL. 
4 ~ ( 0 . 2 3 2 ) f  spp 
SPLl = IO log - 
3 (2 X  IO-^)^ 
In equation (El), po is in units of g/cm3  and c in cm/sec.  Such  that 
fSpp  in  equation  (E3)  is  in  units  of  dynes2/cm 4O appropriate  to  the  reference 
mean  square  pressure of (2 x 10-4)2 dynes2/cm4. A l l  other  quantities can 
be  in  a  set  of  consistent  units  since  they  enter  as  non-dimensional  factors. 
For higher  frequencies  such  than > 4, the  solution  given  in  the  text l-r 
is  not  easily  simplified.  The  high  frequency  asymptote of this  solution, 
however,  is  given  as  equation (28) of  reference 20. This  equation  can  be 
generalized  to  include  arbitrary po and co as  follows 
where po is  in  units  of  g/cm 3 and co in  cm/sec.  Since  equation  (E&)  is  the 
high  frequency  asymptote  to  the  complete high frequency  solution  it  is 
difficult  to  precisely  define  the  lower  frequency  limit of its  applicability. 
It  can  be  considered  an  approximate  solution  for 14 > n/4.
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TABU I . - COMPARISON  OF APPROXIMATE AND EXACT 
NUMERICAL LIFT RESULTS 
A i r f o i l  L i f t  Magnitude f o r  Non-skewed Gust i n  Compressible Flow; M = 0.3(a) 
Reduced 
Frequency P ( re f  .28) (11) (12) (15a) and (15b) 
~ . . . . ." " 
Graham Equations  Equations 
- 
k* - 
p < 0.4  0.5 0.16 0.5344 0 - 5319 0.4854 
1 0.33 0.4036 0.3912  0.3982 
.................... 
1.5 0.49 0.3450 0.3226 0.3540 
p > 0.4 2 0.66 0.3111 0.2805 0.3204 
3 0.99 0.2631 -" 0.2620 
5 1.65 0.1655 " - 0.1644 
A i r f o i l  L i f t  Magnitude for Skewed Gust (Ey#O) i n  Incompressible Flow; k, = M = 0 - b )  
Normalized 
Spanwise Graham Equations  Equations 
Wavenumber ( r e f .  37) (12) =d (19) (20a) and (20b) 
ky 
0.25 0.675 0.6752 0 * 7307 
~y<0~3""""""""""""""-""""" 
.5 0.4869 
1.5 0.2078 
2 0.1581 
2.5 0. U.70 
ky > 0.3 1 0.2970 
0.4559 0.4948 
0.2079 0.2972 "_ 0.2078 
"- 0.1581 
"- 0.1270 
(a) L i f t  f o r  approximate theories found by s e t t i n g  x = Mcin expression for  L 
(b)  L i f t  f o r  approximate theories found by integration of expressions for 
pressure dis t r ibut ion;  or see references 31 and 32. 
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TABLE I1 
ESTIMATED 90 DEGREE NOISE W E D  ON 
SURFACE PRZSSURE MEASUREMENTS 
Velocity, Frequency, Measured Estimated 
m/sec Hz SPPY d B  SPPY d B  
40 400 52.5 52 
800 51- 5 55.5 
1200 41.5 52 
60 200 
400 
800 
1200 
60 
63 
56 
47 
60.5 
61 
61 
60 
90 400 
800 
1200 
71 
67 
60 
68.5 
68.5 
67.5 
120 400 
800 
1200 
76 
74 
68 
76.5 
75 
74.5 
800  80 84 
1200 76.5 84 
.. - 
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FIG. 1 - UTRC ACOUSTIC RESEARCH TUNNEL 
66 
INLET 
SIDEPLATE 
- C C L L E C l  
- MICROPH 
(a) SIDE ELEVATION 
- INLET 
TURBULE 
G R I D  
.NCE 
SURFACE - 
MICROPHONES 
-AIRFOIL 
SIDEPLATE - 
(b) END VIEW 
FIG. 2 - TEST  SECTION  ARRANGEMENT 
'OR 
ONES 
67 
I 
TUNNEL 
CENTERLINE 
I 
I 
TUNNEL 
SIDEPLATE 
FIGURE 3 - SPANWISE DISTRIBUTION OF TURBULENCE  COMPONENT  INTENSITIES 
68 
(a) AXIAL COMPONENT 
DELAY TIME, r, psec 
(b) VERTICAL COMPONENT 
1 .o 
0.8 
0.6 
0.4 
0.2 
0.1 
0.08 
0.06 
0.04 
I 1 I I 
VELOCITY J w x  h, 
rn/sec psec crn - 
0 40 627 2.50 
a 60 413 2.48 
0 90 262 2.36 - 
v Oo V 120  204 2.45 
- onoo 
0 
00 A 0 
DELAY  TIME, r, pSEC 
FIGURE 4. - TURBULENCE  COMPONENT  AUTOCORRELATIONS 
1.0 
0.8 
-. 
X -
+- 
Y- 
z 
w 
0.6 
U 
L L  
w 
0 
V 
z E 0.4' 
4 
w 
a 
a 
V 
0 
0.2 
- k,x 
" 
I I I I I 
0 0.5 1.0 1.5  2.0  2.5 
1.0 
0.8 
I 
x 
m - 
+- z 0.6) 
w 
0 
8 0.4 
LL 
LL 
V 
z 
l- 
0 
a 
0.2 
0 
-0.2 
NORMALIZED  AXIAL DISTANCE, k, x 
_ _ ~  - 1  
I 
LIEPMANN 
CORRELATION I 
0 0.5 $0 1.5  2.  2.5 
NORMALIZED  AXIAL DISTANCE, k,x 
FIGURE 5.- AXIAL  CORRELATION OF AXIAL  AND  VERTICAL  TURBULENCE COMPONENTS 
0.01 0.1 1 .o 10 
NORMALIZED WAVENUMBER,- 
3 k x  
8s k, 
10 
1.0 
0.1 
0.01 
VELOCITY mlse 
NORMALIZED WAVENUMBER, 3k, 
an k, 
FIGUREG. - ONE-DIMENSIONAL  SPECTRUM  OF AXIAL  AND  VERTICAL 
TURBULENCE COMPONENTS 
71 
c 
LL 
Z 
c 0 
1.0 
0.8 
0.6 
0.4 
0.2 
0 
1.0 
0.8 
0.6 
0.4 
0.2 
0 
(a) AXIAL  COMPONENT 
VELOCITY h, 
VON  KARMAN 
CORRELATION 
I I  
0.5 1 .o 1.5 2.0 2.5 3.0 
NORMALIZED SPANWISE SEPARATION, key  
0.5 1 .O i!6 2.0 2.5 
NORMALIZED SPANWISE SEPARATION, k, y 
FIGURE 7.- SPANWISE CROSS-CORRELATION OF AXIAL  AND  VERTICAL 
TURBULENCECOMPONENTS 
72 
mluc Hz. 
0 120 200  0.42 
0 2 4 6 
1 
0.8 
0.6 
0.4 
0.2 
0 
> I I I 
A 
m l s e c  H z  
v f k, 
0 60 200 0.84 
A 120 400 0.84 
I I I 
2 4 6 
1 
0.8 
0.6 
0.4 
0.2 
0 
0. ~ 
0.t 
O., 
0.: 
( 
I 
I I I 
A 
V f kx  
m h c  Hz 
0 90 200 0.56 
I I I 
2 4 6 
I I I 
I I I 
2 4 '  6 
1 
0.1 
O.( 
0. L 
0.: 
( 
1 
0. E 
0. E 
0.4 
0.2 
0 
3 -  
5 -  
1 -  
2 -  
0 
- 
\ 
< 
I -  
I -  
I -  
- 
- 
0 
\ 
- A  
v f 
mlsec Hz 
0 40 400  2.54 
A 120 1200 2.54 
- 
I 
2 4 6 
NORMALIZED SPANWISE SEPARATION, $ * 
FIGURE 8 - CONTINUED 
74 
1 
0.8 
0.6 
0.4 
0.2 
0 
1 
0.8 
0.6 
0.4 
0.2 
a 
A 90 1200 3.38 
0 120 1600 3.38 
CROSS SPECTRUM 
0 90 1600 4.51 
0 2 4 6 
I I 1 
mlsec Hz 
v f C, 
0 40 800 5.07 
A 60 1200 5.07 
0 60 1600 6.75 
1 
0.8 
0.6 
0.4 
0.2 
0 
0 40 1600 10.3 
A 40 1200 7.6 
mlsec Iiz 
- 
- 
- 
- 
2 4 6 
NORMALIZED SPANWISE SEPARATION, 9 
FIGURE 8 - CONCLUDED 
75 
180 I I I 
hlr = 0.177 
160 - e = 180-9 
140 - 
120 - 
100 - 
80 - - 
20 
EXPERIMENTALLY MEASURED ANGLE, OM, DEG 
(a) ANGLE CORRECTION 
1 3 2 
I I I I I I I I 1 
0 20  460 80  1 0 120  140 160 180 
EXPERIMENTALLY MEASURED ANGLE, OM, DEG 
(b) AMPLITUDE CORRECTION 
FIGURE 9. - SHEAR LAYER ANGLE AND AMPLITUDE CORRECTIONS 
90 
80 
70 
'0 
rn 
5 60 
-I 
w 
Lu 
> 
4 
2 50 
b 
0. 
UI 
u) 
40 
30 
20 
L", - \ - 
""" / -4  
" - 
- 
- INCOMPRESSIBLE AIRFOIL THEORY (SEARS) 
WITH 1/fl PRANDTL-GLAUERT FACTOR --- COMPRESSIBLE AIRFOIL THEORY \ \ 
L" \ 
\ 'J \ 
I I I I I I I l l  I I I l l  
2 0.2 0.5 1 
FREQUENCY (kHz) 
5 
FIGURE 10. - FAR-FIELD NOISE CALCULATED USING COMPRESSIBLE AND 
INCOMPRESSIBLE AIRFOIL RESPONSE FUNCTIONS 
90 DEG 
0 I 
\ \ 
0 -10 -20 -30 -20 -1  0 0 
RELATIVE  LEVEL, dB 
EDGE  NOISE; HIGH FREQUENCY LIMIT 
COMPACT DIPOLE "" 
FIGURE 11. - ZDGE NOISE DIRECTIVITY  COMPARED  WITH  THAT  OF COMPACT 
DIPOLE  IN  A  UNIFORM  STREAM  OF  MACH NO. M= 0.488. 
78 
90 
a0 
70 
60 
\ 
\ 
BACKGROUND -#>.e 
90 I I I I 
\ 120 rnlsec 
8 0 .  
70 ' 
-% 
\ 
\ 
- \. 
60 ' I I I I 
75 I I I I 
90 mhec 
FREQUENCY, Hz 
FIGURE 12. - FAR-FIELD NOISE SPECTRA AT 4 = 90 DEG 
79 
I I J 
0 
I 
1000 2000 3000 
FREQUENCY, Hz 
FIGURE 12. -CONCLUDED 
80 
I 
90 
80 
70 
U 
m 
60 
> 
W 
-J 
I 
3 
CT 
L 
E 50 
v) 
40 
30 
20 
- 
I I I I 
VELOCITY, 
@M -90 DEG mlsec - THEORY 0 165 
A im 
0 90 
v 60 
0 40 
0 
0 
Od 
1000 2000 3000 
FREQUENCY, Hz 
4000 
FIGURE13.-  COMPARISON OF MEASURED  AND  THEORETICALLY  PREDICTED 
FAR-FIELD  NOISE SPECTRA. 
9 0 1  
(a) 200 Hz 
I I 1 
VELOCITY, - THEORY 
30 ' I I I 
0 45 90 135 
DIRECTIVITY ANGLE, 4 ~ ,  DEG 
FIGURE14.-  COMPARISON OF  MEASURED  AND  THEORETICALLY  PREDICTED  FAR-FIELD 
NOISE  DIRECTIVITY- 
82 
VELOCITY, 
mlwc - - - - THEORY 
a 165 
0 45 90 135 
DIRECTIVITY ANGLE, #M, DEG 
FIGURE14.- CONTINUED 
8C 
m 
i 
-0 
W 
J 
5 
3 E 60 
0 
w 
n 
v) 
e 
P 
E 
N 
40 
1 
- 
20 
90 
1 I 
45 
1 -  - 
90 135 
DIRECTIVITY ANGLE, @M, DEG 
(f) 2000 Hz 
FIGURE14.- CONTINUED 
84 
I 
I 
80 
60 
80 
60 
40 
I r I 
VELOCITY 
mtsec 
/- 
" 
55 
/ 
50 
DIRECTIVITY ANGLE, @M, DEG 
(9) 2400 Hz 
I I I 
' &" d 
I I I 
45 90 135 
DIRECTIVITY ANGLE, @JM, DEG 
(h) 2800 Hz 
FIGURE14.- CONTINUED 
I I 1 
VELOCITY, 
rnirec 
0 165 - THEORY 
1 1 1 
46 90 
(i) 3200 Hz 
135 
I I I 
80 1- ~ 1 
65 - - 
500 
I 1 I , 
45 90 135 
DIRECTIVITY ANGLE, QM, DEG 
(k) 4000 Hz 
FIGURE14.-  CONCLUDED 
86 
0 
rn 
U 
-1 0 
0 0.2 0.4 0.6 0. a 1.0 1.2 1.4 1.6 
NORMALIZED SPANWISE SEPARATION ; q / c  
FIGURE 15. -MAGNITUDE  OF  CALCULATED  NORMALIZED SPANWISE CROSS - SPECTRUM 
FIGURE 16. -CALCULATED SPANWISE CORRELATION  LENGTH  AND 
SPECTRUM LEVEL OF SURFACE  PRESSURE 
aa 
0 
-2 
m 
U E -4 
\ 
N 
m- 
i 
3 
U c 
$ -6 
n 
m 
m m z 
0 
Lu 
0 
$ -8 
2 
0 
Lu 
N 
-I 
I 
4: 
2 
- 
g -10 
-12 
M = 0.488 
A f  = 3.0 cm 
15% CHORD 
t" 2000 Hz 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
NORMALIZED SPANWISE  SEPARATION ; q / c  
FIGURE 17. - MAGNITUDE OF CALCULATED  NORMALIZED SPANWISE CROSS - SPECTRUM 
1 .o 
0.8 
0.6 
0.4 
0.2 
0 
t 
M = 0.488 
q = 3.0 cm 
f = 400 Hz 
0 0.2 0.4 0.6 0.8 1 .o 
NORMALIZED CHORDWISE POSITION OF SECOND  MICROPHONE;  X2/C 
FIGURE18.  -MAGNITUDE  OF  CALCULATED  NORMALIZED CHORDWISE CROSS- SPECTRUM 
1 00 
80 
m 
A- 
$ 60 
W 
A 
I 
3 
a 110 
'0 
I5 
W 
v) 
n 
90 
70 
\ (a) 40mhec POSITION % CHORD 15 -- --- 38 --- 70  
I I I 
1000 2000 3000 4000 F 30 
I I I 
1000 2000 3000 4000 5000 
FREQUENCY, Hz 
" 
FlGURE19.-SURFACE  PRESSURE  SPECTRA 
110 
90 
70 
120 
IO0 
80 
\ 
I I I I 
\ (c) gOm/sec POSITION %CHORD - 15 -. -". 30 
0 1000 2000 3000 4000 5000 
I I 
(dl 120m/sec 
I I 
0 1000 2000 3000 4000 5000 
FREQUENCY, Hz 
FIGURE 19.- (CONCLU.DED) 
120 
m 
1- 
-0 
w 
2 100 
-J 
I 
3 a 
b 
; 
N r 
0 
(u 
0 
ao 
120 
m 
A- 
7J 
w 
100 
A 
I 
3 
K 
I" u 
w 
n 
v) 
2 
0 
0 
(D 
80 
1 I VELOCITY I 
m lsec 1 
0 165 
A 120 
-  'THEORY 
20 40 60 
120 
m 
Ji 
U 
w 
-I 
I 
3 a 
2 100 
ki 
W 
v) 
n 
r N 
0 
0 e 
80 
a )  200 Hz 
0 20 40 60 
PERCENT CHORD 
(c) 600 Hz 
115 
m 
i 
7J 
w 
95 
-I 
I 
3 
I- 
[r 
u 
w 
fn 
n 
I 
0 
0 
W 
N 
75 
0 
I I I I 
20 40 
(b) 400 Hz 
60 
20 40 
PERCENT CHORD 
(dl 800 Hz. 
60 
FIGURE 2U- -COMPARISON OF MEASURED AND THEORETICALLY PREDICTED SURFACE 
PRESSURE DISTRIBUTIONS 
93 
m 
Ji 
> 
D 
W 
w 
J 
5 
3 
U 
I- 
W 
V 
v) 
n 
I 
0 
0 
N 
z 
m 
Ji 
w 
> 
w 
-I 
2 
3 a 
I- 
V 
w 
n 
v) 
I 
0 
N 
E3 
2 
115 
95 
75 
115 
95 
75 
\ 
20 40 60 
I 1 1 - 
20 40 60 
PERCENT CHORD 
(g) 1600 Hz 
115 
m 
i ' 
D 
2 95 
w 
-I 
5 
3 
U 
!- 
V 
W 
n 
v) 
2 
2 
0 
0 
75 
115 
m 
A- 
> 
J 95 
I 
3 
U 
I- 
v) 
n 
I 
0 
0 
(v 
0 
U 
W 
w 
2 
N 
75 
I I I 
L- 120 
0 20 40 60 
(f) 1200 H z  
I I I 
PERCENT CHORD 
(h) 2000 
FIGURE 20. - CONTINUED 
94 
I 
105 
m 
2- 
U. 
w 
2 
5 
:: 
2 
-J 
a 9 0  
I- 
n rn 
0 
w 0 
N 
75 
1 05 
. m  
-I- 
W > 
W 
H 
-I 
3 
a 90 + u 
U 
ti 
N 
I 
0 
0 
N m 
75 
I I VELOCITY I 
mlsec 
0 165 
A 120 
THEORY 
I I I 
20 40 60 
(i) 2400 Hz 
I I I 
0 20 40 60 
(k) 3200 Hz 
75 - 
0 20 40 
PERCENT  CHORD 
(m) 4000 Hz 
60 
105 
m 
-0 
-I- 
W 
W 
> 
z! 
J 
3 
I- 
n 
a 90 
z: 
P 
rn 
0 
co 0 
N 
75 
20 40 60 . 
(j) 2800 Hz 
'05 -
75 I I 1 
0 20 40 60 
( I )  3600 Hz 
I I 1 
- 
1 20 40 60 
PERCENT  CHORD 
(n) 5000 Hz 
FIGURE 20- - CONCLUDED 
95 
AUTOCORRELATION 15%  CHORD 
FUNCTION - - -- AUTOCORRELATION 30% CHORD 
--- CROSS-CORRELATION 
I 
- 5 ~ 1 0 3  - 
I 
'c 
-2.5~103 0 2.5~103 
DELAY TIME, 7, p SEC 
b )  
q = 7.6 cm 
FIGURE 21. - VARIATION OF 200 HZ PREFILTERED  SURFACE PRESSURE 
CORRELATIONS  WITH SPANWISE SEPARATION 
A 
100 - 
= 110- 2 1  I I I 
70 
0 5 10  15 
(c) 800 Hz 
SPANWISE SEPARATION, cm 
I I 
SPANWISE  SEPATION, cm 
(d) 1200 Hz 
FIGURE 22.- COMPARISON OF  MEASURED  AND  THEORETICALLY  PREDICTED 
SURFACE PRESSURE SPANWISE  CROSS-SPECTRA 
97 
I- 
I- 
O 
3 
0 
a 
I- 
2 
4 
8 
Lu 
a 
a 
0 2000 4000 6000  8 0 10,000 
DELAY TIME, 7, pSEC 
FIGURE 23. -SURFACE PRESSURE AND  FAR-FIELD  CORRELATIONS 
1 .,? 
1 .o 
2 
G 
2 
a 0.8 
a W 
0.6 
n 
K 
Lu u 
LL a 
a 0.4 
2 
0.2 
0 
VELOCITY, 15% CHORD  PRESSURE 
c 
mlsec @ar 
0 40 135 
A 6 0  436 
90 1160 
- 0 v 120  2060 
- 8 
A 
0 
0 
- K~ d . 
- 
1 I I I 
0 
20 40 60 
PERCENT  CHORD 
80 
o_ 
a 
0 0.8 
a 
- 
I- 1.0 - 
a 
I 
I- 
z 
W 
k 
0.6 - 
-I 
E 
n 
a 
0.4 - 
0 
LL 
a 
2 0.2 - 
0 
e 
V 
frP 
0 
VELOCITY, 15% CHORD STRENGTH, 
mlsec pbubar12/cm2 
0 40 0.0014 
A m  0.01 2 
0 90 0.1 29 
v 120 0.659 
0 1  I I I I - 
20 40 60 80 100 
(b) PERCENT  CHORD 
FIGURE 24.- CHORDWISE  DISTRIBUTION OF SURFACE PRESSURES 
AND DIPOLE  STRENGTHIS 
99 
I I I 1 I I -  
' (a) VERTICAL COMPONENT 
~~ 
60 rn/sec, a = 0 
1 
3000 5000 7000 9000 1 1,000 13,000 15,000 
DELAY TIME, 7, pSEC 
(b) AXIAL COMPONENT 
FIGURE 25, - HOT WIRE FAR-FIELD CROSS-CORRELATION  FUNCTIONS 
100 
".A 40 m/sec 1 
c 
I I I 
(a) 15% CHORD 
I 
70% CHORD 
I I I I 
1000 3000 5000 7000 
DELAY TIME, 7. wSEC 
(b) 50% and 70% CHORD 
101 
FILTER 
Z 
0 
0 -  
- 
-20 - 
0.1 0.2 0.4 0.6 1 2 4 6 10 
NORMALIZED FREQUENCY 
FIGURE 27.- ARRANGEMENT FOR CROSS-PSD DETERMINATION 
102 NASA-Langley, 1976 CR-2733 
